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ANNOUNCEMENT 


The establishment of a new journal is not 
to be undertaken without ample justifica- 
tion. The American Society of Zoologists 
has carried forward its activities for sixty 
years without a journal. A_ variety of 
changes and extensive growth in American 
zoology have presented compelling reasons 
for the establishment of a journal by the 
Society. 

During the past generation the various 
specialties of zoology have become estab- 
lished as societies, often with their own 
journals. The American Society of Zoolo- 
gists has a number of divisions which also 
provide focal interest for specialists; but 
there is a need for integrating these special- 
ties, for keeping workers in one area aware 
of the current state of other fields. Animal 
biology covers such a vast area that the in- 
terrelations of the different specialties tend 
to be neglected. This journal, American 
Zoologist, has as one aim the integration of 
divers topics. This is important to teacher 
and researcher alike. 

With increasing awareness of common 
properties of all organisms—plants, animals, 
and microorganisms—integration of topics 
in terms of general biology must be encour- 
aged. Therefore this journal may occasion- 
ally carry articles dealing with plants and 
microorganisms. 

One implementation of integration has 
been the introduction of refresher courses 
and more symposia at the meetings of the 
American Society of Zoologists. The spe- 
cialty societies and divisions are assuming 
more responsibility for sessions of short 
technical papers and for publication in 
their respective fields. 

Prolonged study by the Policy Committee 
and the Executive Committee resulted in 
the recommendation of a rnal which 
would be of interest to all/zoologists. A 


vote of the Society membership, concluded 
in November, 1960, overwhelmingly ap- 
proved this recommendation. 

American Zoologist is the official journal 
of the American Society of Zoologists. It 
will contain programs of the Society and 
abstracts of papers to be presented at its 
meetings. In this it replaces the supple- 
ment to the Anatomical Record. It is stipu- 
lated that abstracts be research reports of 
high quality, that they contain new results, 
and that they be written appropriately as 
part of the permanent scientific record. 

Most of the papers published in Ameri- 
can Zoologist will be those originating in 
symposia of the Society and at the annual 
refresher course. These will combine re- 
view of a field with current original re- 
search and will be addressed to the general 
zoologist. We anticipate that the organizers 
and participants in symposia and refresher 
courses will keep the general audience in 
mind and will maintain high standards of 
scientific presentation. Papers from sym- 
posia organized by other societies will be 
welcome. Other papers will be considered 
if they appear to be of interest to most 
zoologists. Such papers are invited from 
zoologists in other countries as well as in 
North America. The editors and the offi- 
cers of ASZ hope that American Zoologist 
will serve a real need and will help to inte- 
grate zoological knowledge for all animal 
biologists. 

A great deal of credit for carrying 
through the establishment of American 
Zoologist goes to the retiring president, 
Emil Witschi. It is appropriate that the 
first issue contain a refresher course on a 
subject of great interest to Dr. Witschi and 
that this first issue be dedicated to him. 

C. Lapp Prossrr, President 
American Society of Zoologists 
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At the 1956 meeting of the American 
Society of Zoologists a program of papers 
was arranged with the theme: Recent Ad- 
vances in Invertebrate Zoology, and par- 
ticipants were urged to present synopses 
designed to be of value to the general zoolo- 
gist. The enthusiasm for such programs 
has justified their continuance, and particu- 
larly because of their value to teachers, the 
National Science Foundation has gener- 
ously given financial support. This support 
has made it possible to secure participation 
by the best qualified scientists, including 
specialists from overseas. Other Refresher 
Course topics have been Advances in Proto- 
zoology, Recent Advances in the Study of 


REFRESHER COURSE: METAMORPHOSIS IN THE ANIMAL 
KINGDOM 


Animal Behavior, Evolution, and the pres- 
ent one. 

The refresher course presented at Still- 
water, Oklahoma, in August, 1960, was ar- 
ranged by Sheldon Segal with the topic 
Metamorphosis in the Animal Kingdom. 
He also undertook to secure manuscripts 
from participants for publication in this 
first issue of American Zoologist. It may be 
noticed that two of these have been ex- 
tended into comprehensive reviews, and 
that a paper has been included which was 
not presented,—this by an invited author 
unable to attend. 

Emit Wirtscui, Past-President 
American Society of Zoologists 
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INSECT METAMORPHOSIS AND ITS ENDOCRINE CONTROL 







Witu1am G. VAN DER KLooT 
Department of Pharmacology, New York University School of Medicine 


Change is in the nature of living things. 
Moment by moment, the very molecules 
making up the substance of the organism are 
in continued flux. While many animals still 
manage to present a more or less uniform 
face to the world, others undergo rapid and 
predictable shifts in body form and in habit. 
The shifts, or metamorphoses, are most 
spectacular instances of the precise control of 
growth and form in a rapidly changing, post- 
embryonic animal. 

But, as might be expected, within the 
category of metamorphosis are lumped a 
number of processes, differing in degree and 
in significance. Two principal types of meta- 
morphosis can be well illustrated by recalling 
the life histories of familiar insects. Consider 
first the life of a roach. The animal must 
grow by molting, a limitation that is imposed 
by the armor of the exo-skeleton. With each 
molt there is only a slight change in body 
form; the gradual growth of the wings is 
especially obvious. We see in this sequence 
the typical transformation from youth to age, 
with the final molt the prelude to the 
achievement of sexual maturity. This type 
of gradual transformation, or hemimetabolous 
development, is really littlke more spectacular 
than the development of any adult animal, 
except that the outward changes take place 
in discrete steps. 

Far more wonderful is the type of meta- 
morphosis evolved by the insect orders in 
which the larva is almost totally unlike the 
adult which follows, and where larva and 
adult are separated by a pupal stage (Thy- 
sanoptera, Neuropteroidea, Coleoptera, Strep- 
siptera, Tricoptera, Lepidoptera, Mecoptera, 
Siphonaptera, Diptera, Hymenoptera, and 
males of Coccidae). This .holometabolous 
transformation is surely as radical an altera- 
tion of form as graces the animal kingdom. 
To obtain a true insight into complete meta- 





The original investigations reported in this paper 
were supported by Grant B-1870 from the Institute 
of Neurological 
Health Service. 
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morphosis, it must be recognized that, to 
quote Snodgrass (1954), the “extraordinary 
fact is that a caterpillar hatches from the egg 
of a butterfly, the subsequent change of the 
caterpillar into the butterfly being merely 
the return of the metamorphosed young to 
the form of its parents. The transformation 
of the caterpillar is a visible event re-enacted 
with each generation. The change of the 
young butterfly. into a caterpillar has been 
accomplished gradually through the past 
evolutionary history. . . .” 

As Snodgrass emphasizes, the larva of a 
holometabolous insect cannot be regarded 
as an embryonic form prematurely exposed, 
or as a recapitulation of the evolutionary 
past. The true metamorphic characters are 
the structures found in the young insect— 
without counterpart in adult evolution— 
which are discarded as the adult develops. 
The legs of a caterpillar, for example, are 
not primitive structures representing an 
early step in the development of the adult 
legs, because the legs of the adult exist within 
the larva as distinct structures, segregated off 
as imaginal discs. The larval legs must be 
recognized as relatively modern and auton- 
omous organs, which were evolved for the 
special conditions of larval life and which 
are sacrificed in the return toward the 
ancestral form. 


THE TRANSFORMATION OF THE TISSUES 


The critical events in the holometabolous 
life are the death and transfiguration of the 
larval tissues and the accelerated growth of 
the adult cells. Consider the muscles, which 
are surely one of the most drastically altered 
systems. The larva has a highly complicated 
muscular system; many larval muscles have 
no counterpart in the anatomy of the adult. 
Metamorphosis, therefore, involves the de- 
struction of some larval muscles, the rebuild- 
ing of others, and the formation of muscles 
which were never represented in the larva. 
The history of the muscles can be taken as 
an illustration of metamorphosis in action. 








VAN DER KLootr 


Apparently, the larval muscles which dis- 
appear are not ‘slain’, they ‘commit suicide’. 
First, the cross-striations are lost, the fiber 
bundles lose their conections and then sepa- 
rate. The nuclear membranes disappear and 
the nuclei degenerate. And only when the 
tissue has almost disintegrated are the frag- 
ments picked up by phagocytes (Blaustein, 
1935). 

The rebuilding of a muscle from larva to 
adult involves the replacement of the large 
nuclei, which have multiplied by amitosis, 
by smaller nuclei, which multiply by mitosis 
and which were sheltered in the larval 
muscle. At metamorphosis the large nuclei 
degenerate, the small nuclei become enclosed 
in tiny bags of myoplasm, and thus form 
myoblasts which then construct adult muscles 
(Poyarkoff, 1910; Murray and Tiegs, 1935). 
The final class of muscular transformation is 
the growth of adult muscles from myoblasts 
which, though present in the larva, never 
formed a part of larval structures. The ex- 
tensive transformation of muscles doubtless 
favored the development of the pupal stage, 
as a quiescent form in which new and re- 


organized muscles can form attachments to 


the cuticle. It is striking how little recent 
work has been done on the cytology of the 
extensive cellular transformations in meta- 
morphosis and how little use has been made 
of the revolutionary advances in anatomical 
techniques. 


THE BRAIN AND THE CONTROL OF MOLTING 


While the rebuilding of the adult is the 
basic subject of metamorphosis, in the past 
two decades most of our new knowledge has 
been of the endocrine control of meta- 
morphosis. This is reflected in recent reviews 
(for example, Bodenstein, 1957; Wiggles- 
worth, 1954, 1957; Williams, 1953; Schneid- 
erman and Gilbert, 1959). As far as the 
endocrine control goes, it is really immaterial 
whether we consider the insects with com- 
plete or with incomplete metamorphosis, be- 
cause the insect endocrine system was adapted 
to control the most radical changes as they 
evolved. Moreover, the same endocrine 
organs are active even when transplanted 


FIG. 1 A camera lucida drawing of two neurons 
in the brain of H. cecropia, stained by a Golgi- 
dichromate method. The cells are believed to be 
neurosecretory cells because of the location of the 
cell bodies, the periodic swelling of the axons, and 
the course of the axons into the nerves running 
to the corpora cardiaca. It is notable that in this 
species both right and left neurosecretory cells ap- 
pear to send an axon to the right corpus cardi- 
acum. 


from one order to another (Novak, 1951; 
Wigglesworth, 1952). 

The first endocrine sequence to be con- 
sidered is that controlling molting. ‘Two en- 
docrine sources are involved: the neuro- 
secretory cells of the brain and the pro- 
thoracic glands. The importance of the brain 
in metamorphosis was discovered by Kopac 
(1922) and the further analysis was begun 
by Wigglesworth (1940), who worked on 
the bug, Rhodnius. The advantage of this 
is that the creature molts only after it has 
sucked in a blood meal and consequently its 
growth is easily controlled in the laboratory. 
Wigglesworth’s evidence suggested that the 
hormone triggering molting is secreted by the 
medial neurosecretory cells situated in the 
pars intercerebralis of the brain (Hanstrom, 
1938). The axons of the medial neuro- 
secretory cells run downward in the brain, 
cross to the opposite hemisphere, and then 
leave the brain, gathered together as a thin 
nerve (Fig. 1). The nerve runs backwards 
in the head and ends in a distinct organ, the 
corpus cardiacum. Many insects also have 
a second, lateral group of neurosecretory 





Insect METAMORPHOSIS 


FIG. 2 A diagrammatic presentation of the loca- 
tion of the medial and lateral groups of neuro- 
secretory cells in the brain of H. cecropia, Only 
one cell in each group is shown; there are usually 
eight medial and five lateral neurosecretory cells 
in each brain hemisphere. The axons leave the 
brain in small nerves which run to the corpora 
cardiaca. 


cells in each hemisphere of the brain, as 
shown in Figure 2. The axons from the 
lateral neurosecretory cells also run to the 
corpora cardiaca. 

It appears that the hormone is formed in 
the cell bodies of the neurosecretory cells, 
is gathered into membrane-bounded granules 
about 1000 A in diameter (Meyer and 
Pflugfelder, 1958), and the granules are then 
transported down the axons to the corpora 
cardiaca. The transport was demonstrated 


by showing that the secretory granules pile 
up on the proximal side of a cut through, 


or a ligature around, the axons (Scharrer, 
1952; Thomsen, 1954). The corpora cardi- 
aca (though doubtless serving other functions 
as well) can be regarded as a specialized site 
for the release of the brain hormone. Since 
the insect nervous system is surrounded by a 
sheath impermeable to many small molecules, 


TABLE 1. 


a specialized structure for the release of the 
hormone seems almost a necessity. 

There may be an important difference, in 
some insects at least, between the medial and 
the lateral neurosecretory cells. Transplanted 
fragments of the brain of the cecropia silk- 
worm must include both lateral and medial 
groups of neurosecretory cells in order to 
have endocrine activity (Williams, 1948). 
These observations were recently extended 
by using a microcautery to burn away the 
clusters of neurosecretory cells in the in situ 
brain (Van der Kloot and Williams, unpub- 
lished observations). As shown in Table 1, 
again it was found that the hormone was 
produced only when both a lateral and a 
medial group of neurosecretory cells remained 
intact. It seems that two factors are pro- 
duced by the two cells types. Either both 
factors are needed for endocrine activity, or 
the two factors are combined to produce a 
single hormone. In some insects the lateral 
neurosecretory cells are seen only in the later 
stages of larval life, which again suggests that 
they have a special role to play (Arvy et al., 
1953; Formigoni, 1956; Kobayashi, 1957; 
Lhoste, 1954). 

The next question is how the release of the 
brain hormone is controlled. In Rhodnius, 
Wigglesworth showed that secretion begins 
when the abdomen is swollen by the blood- 
gorged gut. It was the swelling and not the 
blood which was important. Molting can be 
blocked by transecting the ventral nerve cord, 


The effects of extirpating regions of the brain on the production of the brain 


hormone by pupae of H. cecropia 
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FIG. 3 A. The compound action potential in the 
nerve from the brain to the corpora cardiaca of 
Rhodnius elicted by electrical stimulation of the 
ventral nerve cord. Calibration: 10 msec. and 100 
uV. B. Recording from the same nerve with a 
higher intensity of stimulation. A second group of 
fibers is now also stimulated. Slightly retouched. 


which suggests that sensory impulses, elicited 
by stretching, ascend the ventral nerve cord 
and stimulate neurosecretion. Recent work 
shows that in Rhodnius there are two stretch 
receptors in each abdominal segment, one on 
each side. The receptors can be detected 
electro-physiologically and it is important to 
note that these receptors adapt scarcely at 


all, so that they will continue to discharge 


as long as the abdomen is_ expanded. 
Moreover, stretching of the abdomen excites 
neurons in the nerves running from the brain 
to the corpora cardiaca; these nerves in- 
clude the axons of the neurosecretory cells. 
Electrical stimulation of the ventral nerve 
cord also elicits action potentials in the 
cardiacum nerve (Fig. 3). It cannot be 
definitely concluded that the action poten- 
tials are in the axons of the neurosecretory 
cells, because the nerve to the cardiacum 
may contain axons from other types of cells, 
but the results strongly suggest that the re- 
lease of the brain hormone is brought about 
by nerve impulses and it seems most probable 
that the hormone is released when the end- 
ings of the neurosecretory cells are invaded 
by a nerve impulse. 

The only other case where we have any 
knowledge of the factors promoting the 
release of hormone from the neurosecretory 
cells of the brain is in the roach, where 
Hodgson and Geldiay (1959) showed that 
electrical stimulation of the head or ab- 


domen, or enforced activity, can bring about 
histological signs of secretion, but it is not 
known whether the molt-triggering hormone 
is released. 


MOLTING AND THE PROTHORACIC GLAND 


When the brain hormone is released into 
the circulation, its target is apparently only 
the paired, bilateral sheet of cells in the 
thorax known as the prothoracic gland (Wil- 
liams, 1947). The gland, in its turn, re- 
leases a hormone (Fukuda, 1940, 1944) and 
this hormone acts on the tissues to promote 
all of the changes characterizing a molt. 

It is most striking that the  brain- 
prothoracic gland system is involved in the 
molting of a wide range of insects and that 
the prothoracic gland hormone tells the ani- 
mal to molt—but it does not tell it what 
to molt to. The prothoracic gland hormone 
can lead to a larval, a pupal, or an adult 
molt, depending on the past history of the 
insect. 

THE CORPORA ALLATA 

A measure of specific control of morpho- 
genesis does lie within the endocrine system. 
Specificity is contributed by another pair of 
endocrine organs of the head—the corpora 
allata. The secretion of the corpora allata 
is aptly named the juvenile hormone (Wig- 
glesworth, 1940), for its presence favors the 
retention—or even in special cases, the re- 
development—of larval characters. Con- 
versely, and even more dramatically, the 
removal of the corpora allata from an im- 
mature caterpillar leads, at the time of the 
next molt, to the spinning of a diminutive 
cocoon, the formation of a tiny pupa, and 
the eventual emergence of a midget moth 
(Bounhiol, 1938). It is worth noticing that 
these experiments show that the juvenile 
hormone regulates behavior as well as mor- 
phogenesis (Piepho, 1950). 

The part played by the corpora allata in 
the formation of the pupa shows that more 
must be considered than the presence or 
absence of a hormone; quantity is also im- 
portant. If the corpora allata are removed 
in the last larval instar, the pupa shows ab- 
normal adult characters (Williams, unpub- 
lished, quoted by Schneiderman and Gilbert, 
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1959) or the operated animals may omit the 
pupal stage altogether (Schaller, 1952). If, 
on the other hand, corpora allata are im- 
planted late in the last larval stage, the pupa 
shows abnormal larval characters (Williams, 
unpublished). It seems that the pupa is 
produced when just the proper intermediate 
amount of juvenile hormone is present. The 
endocrine control of metamorphosis is 
summarized as Table 2. 

It is undoubtedly important that one of the 
tissues which seems to depend upon the secre- 
tions of the corpora allata for its existence is 
the prothoracic gland, which degenerates 
just following the molt to the adult. By this 
criterion, the prothoracic gland is a larval 
tissue. 

Aside from its morphogenetic action, it is 
interesting that the corpora allata can trigger 
the secretion of the prothoracic gland 
(Ichikawa and Nishiitsutsuji-Uwo, 1959; 
Williams, 1959). Some of the neurosecretory 
axons from the brain end in the corpora 
allata, so they should contain some brain 
hormone. However, purified extracts with 
juvenile hormone activity can stimulate the 
prothoracic gland, and the endocrine stimu- 
lating activity goes hand in hand with 
juvenile hormone activity during the chemi- 
cal steps of concentration (Gilbert and 
Schneiderman, 1960). However, Ichikawa 
and Nishiitsutsuji-Uwo 1959) showed that 
implanting pupal corpora allata into brain- 
less pupa brought about adult development, 
so that the prothoracic gland-stimulating 
activity was present while juvenile hormone 
activity was missing. Implanting larval 
corpora allata into brainless pupae brought 
about another pupal molt, proving that their 


TABLE 2. The endocrine control of molting and 


metamorphosis 








Brain 
hormone—> 
prothoracic 

gland Juvenile 


hormone 


Molt to another larval 
stage 

Molt to a pupa 

Molt to an adult 





pupae were not insensitive to the juvenile 
hormone. This result suggests that two 
factors are involved and that they are con- 
centrated by the same procedures It is 
difficult to believe that the prothoracic 
gland-stimulating hormone from the corpora 
allata is really the brain hormone because 
Williams (1959) showed that implanted 
corpora cardiaca do not stimulate the pro- 
thoracic gland, even though they appear to 
store more brain hormone. 

It is not known whether an interaction 
between the corpora allata and the pro- 
thoracic gland plays a part in normal de- 
velopment, but an interaction between the 
two could explain how the milkweed bug, 
Oncopetus, manages to molt after the re- 
moval of the medial neurosecretory cells 
(Johansson, 1958). In considering the de- 
tails of endocrine control, it is also interesting 
that the prothoracic gland hormone, by itself, 
can cause the prothoracic gland to secrete. 


CONTROL OF THE SECRETION OF THE 
CORPORA ALLATA 


From our knowledge of the corpora allata, 
it is clear that the critical endocrine event in 
metamorphosis is the stopping of their secre- 
tion. Only when the corpora allata are 
inactive is the larva free to begin its trans- 
formation. One possible means of control 
would be that the corpora allata itself 
‘counts’ the molts, and stops secreting once it 
has been exposed to prothoracic gland 
hormone a set number of times. This idea 
was tested by Wigglesworth, who implanted 
corpora allata, taken from young larval 
donors, into mature larvae. Under the in- 
fluence of the implanted corpora allata, the 
recipients continued to perform larval molts; 
in many cases enough additional larval molts 
were undertaken so that the implanted 
corpora allata must have released juvenile 
hormone more times than would usually be 
expected (Wigglesworth, 1936, 1948). These 
experiments show that the control does not 
lie within the corpora allata themselves. 
Since implanted active corpora allata can 
postpone adult development and_ produce 
added larval stages, the corpora allata are 
not turned off by a hormonal factor borne 
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in the blood. Recently Englemann and 
Liischer (1955) showed that additional larval 
molts can be produced in the _ roach, 
Leucophaea, by severing the nerve running 
from the brain to the corpora allata. The 
corpora allata can also be activated by 
destroying a region of the brain which does 
not contain neurosecretory cells (Englemann, 
1959). Therefore, in this species, it seems 
that the corpora allata are shut down by 
the action of an inhibitory nerve from the 
brain. It is not known how widely among 
the insects the corpora allata are controlled 
by an inhibitory nerve. Apparently, this is 
also true in the milkweed bug (Johannson, 
1958) but there are also many experiments 
reported in which implanted corpora allata, 
free of nerve connections, lose activity with 
succeeding molts. These results remain to be 
explained before the inhibitory nerves to the 
corpora allata can be regarded as an ex- 
planation common to many insects. 


OTHER ROLES OF THE HORMONES 


At this point it is important to mention 
that both the medial neurosecretory cells of 
the brain and the corpora allata appear to 
play a part in affairs of the insect other than 
molting. The neurosecretory cells of the 
brain have been implicated in: a) Triggering 
the prothoracic glands, b) Stimulating ovi- 
position, c) Promoting water retention, 
d) Controlling activity rhythms, e) Stimulat- 
ing proteinase synthesis in the gut (For ref- 
erences see Van der Kloot, 1960). It is not 
known whether five distinct hormones are re- 
quired for these functions or whether one is 
enough. 


HORMONES AND POLYMORPHISM 


The hormones regulating metamorphosis 
apparently play an even more elaborate part 
in controlling the differentiation of poly- 


morphic insects. ‘To choose one example, 
Liischer (1958) showed that termite larvae 
implanted with extra corpora allata differ- 
entiate into soldiers, acquiring by this 
humoral stimulus the enlarged head and 
mandibles as well as the truculent behavior 
of this caste. It seems somehow quite ap- 
propriate that soldiers should be the product 
of an excess of the juvenile hormone. 


CONCLUSIONS 


By the efforts of the past twenty years, the 
endocrine organs governing metamorphosis 
apparently have been identified and the 
gross actions of the hormones noted. There 
remains, of course, plenty of newly raised 
and unsolved problems. For example, all of 
the facts show that the timing of hormone 
release is important, but the control often 
seems to lie in the central nervous system, 
and this will make the answers difficult to 
find. 

Turning away from the endocrines, it is 
clear that the great questions of insect meta- 
morphosis are largely untouched. The hor- 
mones do not act by enforcing a set pattern 
of response upon the cells: some cells may 
grow, others may die. The rebuilding of an 
animal—which is the process of meta- 
morphosis—is set into motion by the hor- 
mones. The hormones do not enforce the 
route taken by any cell. These facts were 
not forgotten by insect endocrinologists, who 
have now provided the means for directing 
growth and metamorphosis at will. The real 
challenge of metamorphosis is now before 
us; it is at the level of the responding cell 
(Wigglesworth, 1959). 
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A. HORMONES AND METAMORPHOSIS 


1. Introduction 


Insect metamorphosis is the transformation 
of an immature larval individual into a re- 
producing adult of very different form, struc- 
ture, and habit of life. It occurs to some ex- 
tent in all but the most primitive insects and 
is under endocrine control. Insect meta- 
morphosis differs from the ontogenetic 
processes of other animals only in degree: 
the larva and the imago are commonly far 
more different from one another than are the 
young and adults of most other organisms. 
The selective advantage of this “double life” 
is easy to perceive: the young insect can ex- 
ploit one habitat, the mature insect another 
(Snodgrass, 1954). Since the selective pres- 
sures in two environments are necessarily 
different, larvae have evolved in very differ- 
ent directions from their corresponding 
adults: the caterpillar designed for feeding 
and the adult moth designed for the re- 
production and dispersal of the species. Yet, 
notwithstanding the tremendous differences 
between caterpillar and moth, the cells of 
each appear to contain the same genetic 
information. Larval life appears to give ex- 
pression to one battery of genes, adult life 
to another. When a part of the larva does 
not differ too much from the corresponding 
part of the adult, the two genetic expressions 
may be manifested as successive changes in 
the same cells, and the adult part may be 
formed mostly by a new growth of the larval 
tissues or by the differentiation of existing 
larval cells. This is true, for example, of the 
abdominal epidermis of Lepidoptera and 
Hemiptera. But, when the difference be- 
tween larval and adult parts becomes extreme, 
many of the larval tissues break down and 
the adult parts are built up of embryonic 
imaginal disc cells that multiply but do not 
become fully differentiated during the larval 
stage (Snodgrass, 1959). This is true of the 
wings of Lepidoptera. 
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We are a long way ‘from understanding 
the chemical events that ensue between the 
genes on the one hand and the growth, de- 
velopment, and metamorphosis of the organ- 
ism as a whole on the other. Indeed, in many 
cases we have only begun to comprehend 
how organ systems themselves change mor- 
phologically during metamorphosis (Wig- 
glesworth, 1954, 1957, 1959a; Finlayson, 
1956), let alone how cells and cell organelles 
transform during development. Yet, although 
many gaps exist in our knowledge, it is pos- 
sible to outline in biochemical terms a 
reasonable picture of several aspects of insect 
metamorphosis. 

The present article surveys a few active 
research areas in this field. It is not meant 
to be complete, and emphasis has been de- 
termined as much by the authors’ own in- 
terests as by the importance of particular 
discoveries. This emphasis will be primarily 
on the biochemical changes that accompany 
metamorphosis and how these changes may 
be related to hormone action. 


2. Insect biochemistry 


When one attempts to establish causal con- 


nections between particular biochemical 
changes and a particular insect hormone, a 
besetting problem is that our knowledge of 
insect biochemistry is fragmentary when 
compared to our knowledge of mammalian, 
microbial, or plant biochemistry. Several of 
the fundamental biochemical sequences well- 
established for microorganisms, pigeon breast 
muscle, rat liver, etc., have yet to be eluci- 
dated in insects (e.g., fatty acid metabolism) . 
And in many cases where biochemical se- 
quences have been established they have been 
demonstrated in homogenates of whole in- 
sects rather than in individual tissues or 
organs. Hence, unlike the mammalian en- 
docrinologist or plant physiologist who is able 
to study hormonally-induced changes in well- 
established biochemical systems, the insect 
endocrinologist is often first obliged to estab- 
lish the normal pattern of biochemical events 
before he can practice his trade in earnest 
and undertake a proper study of hormone 
action. 

Fortunately, insect biochemistry is now re- 


ceiving increased attention as is attested by 
the recent symposium on “Biochemistry of 
Insects” in the 4th International Congress of 
Biochemistry, (Levenbook, 1959), and we 
may anticipate many advances in the field as 
the manifold advantages of insects for bio- 
chemical study become more widely known. 
That insects have so far attracted only limited 
attention from most biochemists is somewhat 
surprising when one recognizes the important 
role they have played in shaping modern bio- 
chemistry. One has only to recall that 
studies of the genetic control of eye-pigment 
formation in Lepidoptera and Diptera 
(Ephrussi, 1942) led to the fundamental pro- 
posal that genes act via enzymes (Beadle, 
1945). Further study revealed that the eye- 
pigments, the so-called ommochromes, had a 
phenoxazone structure, a configuration pre- 
viously unknown in natural products (cf. 
Butenandt et al., 1954). Other work on in- 
sect pigments established the structure of 
pteridines and opened up the field of re- 
search which led to the identification of the 
pteridines series of vitamins (e.g. folic acid). 
The work of Keilin (1925) on the cyto- 
chromes of the thoracic muscles of flying 
insects formed the basis for our present 
understanding of oxidative metabolism in 
virtually all aerobic cells. It was the studies 
of Watanabe and Williams (1951) on the 
giant mitochondria of insect flight muscles 
that first established the existence and prop- 
erties of mitochondrial membranes. There 
is no need to extend the list. Manifestly, in 
addition to any intrinsic interest they may 
hold for entomologists and students of 
growth, insects are singularly fit and remark- 
ably convenient objects for study by the bio- 
chemist and cell physiologist as well. 


3. Hormonal control of metamorphosis 


As in most higher organisms, the post- 
embryonic growth of insects appears to be 
under hormonal control, at least during part 
of the life history. A number of compre- 
hensive reviews of this matter have been pub- 
lished within the past few years (Bodenstein, 
1955, 1957; Butenandt, 1959; Campbell, 
1959; Karlson, 1956; Novak, 1959; Pflug- 
felder, 1958; Schneiderman and Gilbert, 
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1959; Williams, 1952; Wigglesworth, 1954, 
1957, 1959a). Although there are differences 
among insect groups, a basic pattern of 
hormonal control emerges. This pattern is 
seen to good advantage in the giant Saturniid 
silkmoths of which Hyalophora cecropia, 
Samia cynthia and Antheraea polyphemus 
are well-known examples. The life cycle of 
these insects is typical of the Holometabola 
and consists of four (or occasionally five) 
larval molts, a larval-pupal molt and a pupal- 
adult molt (Fig. 1). The larval-pupal-adult 
transformations are what we term metamor- 
phosis. In these silkmoths metamorphosis is 
usually interrupted soon after pupation by a 
prolonged pupal diapause during which de- 
velopment temporarily ceases. Sexual matu- 
ration (which is part of metamorphosis) 
occurs during the fabrication of the adult, 
and is essentially complete when the adult 
moth emerges. In other insects (e.g., those 
Lepidoptera which feed, many Hemiptera 
and Diptera) sexual development continues 
after adult emergence and most of the meta- 
morphosis of the female reproductive organs 
occurs during adult life. 

The cyclical growth and molting of the 


cecropia silkworm and its relatives is brought 
about by two hormones, one produced by 
neurosecretory cells in the insect’s brain, and 
the other by glands in the prothorax, the 


prothoracic glands. Periodically the neuro- 
secretory cells secrete a hormone, the “brain 
hormone” (BH) which activates the pro- 
thoracic glands. The activated prothoracic 
glands respond to this stimulus by elabo- 
rating and releasing a hormone, the protho- 
racic gland hormone (PGH) which reacts 
with various cells of the insect and starts 
them growing. In the case of the epidermal 
cells; PGH causes them to deposit a new 
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cuticle and thus initiates the molting process. 
PGH thus appears to be a true growth 
hormone as well as a molting hormone. The 
developmental arrest which interrupts meta- 
morphosis immediately after pupation—the 
pupal diapause—results from a cessation of 
production of BH, and a consequent ab- 
sence of PGH.* 

A third hormone, the juvenile hormone 
(JH), is secreted by the corpora allata, en- 
docrine glands located near the insect’s brain. 
In the presence of PGH, JH appears to pro- 
mote larval development or status quo and 
so prevents metamorphosis. The presence of 
JH in an immature insect (ie., a larva or 
pupa) ensures that when the immature in- 
sect molts it retains its larval or pupal 
characters and does not differentiate into an 
adult. When the insects molts, in the ab- 
sence of JH, it differentiates into an adult 
(Fig. 2). 

The action of juvenile hormone is well 
seen in the behavior of epidermal cells. When 
a larval epidermal cell molts in response to 
PGH in the presence of a high concentra- 
tion of JH, it uses its synthetic machinery to 
secrete larval cuticle. In the presence of a 
small amount of JH, the same epidermal cell 
secretes a pupal cuticle, and in the absence 
of JH, the same cell may secrete imaginal 
cuticle directly and omit the pupal molt. To 
be sure, no one has succeeded in causing a 
whole insect to skip directly from larva to 
imago, but if the corpora allata are removed - 
at a critical time in the larval life of certain 
insects, the larva will molt directly into a 
creature that has many adult characteristics 
(Wigglesworth, 1959a). 

In many adult insects, the corpora allata 
which have been inactive during the pupal- 
adult transformation appear to play a further 





*Ichikawa and Nishiitsutsuji-Uwo have recently 
reported that implantation of larval, pupal, or 
adult brains caused molting in isolated pupal ab- 
domens of the Eri-silkworm, Philosamia cynthia 
ricini. Similar results were obtained by implant- 
ing larval or adult corpora allata. They believe 
that the BH released by the brain and stored by 
the corpora allata is a precursor of the PGH and 
can be converted to the PGH by the prothoracic 
glands when present, or by some unknown agency 
when the prothoracic glands are absent. If these 


results are confirmed and histological examination 
proves that these test abdomens are devoid of any 
prothoracic gland remnants, then this extraordi- 
nary result will mark the beginning of an entirely 
new concept in the endocrine control of molting 
in insects. 

Ichikawa, M., and J. Nishiitsutsuji-Uwo 1960 
Studies on the insect metamorphosis. VII. Effect 
of the brain hormone to the isolated abdomen of 
the Eri-silkworm, Philosamia cynthia ricini. Mem. 
Coll. of Sci., Univ. Kyoto, B. 27:9-15. 
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FIG. 1. Life history of the cecropia silkworm (from ing from egg. c, Larval-pupal molt within cocoon. 
Schneiderman and Gilbert, 1959) a, First, third d, Pupa within cocoon. e, Adult male. 
and fifth instar larvae. b, First instar larva hatch- 
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role in adult life and secrete a gonadotropic 
substance which is necessary in females for 
the deposition of yolk and in both sexes for 
the development and secretory activity of ac- 
cessory sex glands (Wigglesworth, 1936). 
For example, in the viviparous roach Diplop- 
tera during egg maturation the corpora 
allata become active as judged by histo- 
logical criteria. If the corpora allata are ex- 
tirpated, ovarian development ceases and the 
accessory glands of the genital apparatus 
cease secreting (Engelmann, 1959). It is 
not yet known in Diploptera or any other in- 
sect whether the gonadotropin produced by 
the corpora allata has general metabolic 
effects, affects specifically the activity of the 
follicular cells in the ovary, or is needed to 
sustain the life of the oocyte itself (Wiggles- 
worth, 1960a). Moreover, whether this 
gonadotropin is identical with JH (Wiggles- 
worth, 1960b) is considered by some an open 
question (cf. deWilde and Stegwee, 1958; 
Liischer, 1960; and Sagesser, 1961). 

In addition to these endocrine organs, the 
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wm — CORPORA ALLATA 


JUVENILE 
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FIG. 2. Schematic diagram of the endocrine con- 
trol of growth and molting in the cecropia silk- 
worm (from Schneiderman and Gilbert, 1959). 
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corpora cardiaca, the subesophageal ganglion 
and the hemocytes seem to be involved in 
the endocrine control of growth, and it seems 
likely that other endocrine centers remain to 
be discovered. Furthermore some of the en- 
docrine glands already described may secrete 
more than one hormone. This certainly 
seems likely in the case of the corpora allata 
and the brain. To be sure, histological 
methods reveal only one type of secretory cell 
in the corpus allatum, but then the anterior 
pituitary of mammals seems to have only 
three histologically—identifiable sorts of cells, 
yet secretes at least seven hormones. 


4. Salient problems 


Now that a basic pattern of endocrine con- 
trol of metamorphosis seems established, re- 
search workers have focused their attention 
on a number of problems which may be con- 
veniently classified as (a) comparative, (b) 
control and timing, (c) hormone isolation 
and identification and (d) hormone action. 
The present report will consider mainly the 
last two groups of problems and make only 
brief mention of the others. 


5. Comparative studies 


These studies involve the exploration of 
endocrine control in insect groups like the 
Apterygota in which we still know little about 
the hormonal control of development (Pie- 
pho, 1960). It also includes the extensive 
investigations that are now in progress on 
the hormonal control of polymorphism in 
aphids, bees, locusts, termites, etc. These 
studies (e.g., Carlisle and Ellis, 1959; Ken- 
nedy, 1956; Liischer, 1960) have revealed 
that many, and perhaps all, of the poly- 
morphic expressions of which insects are ca- 
pable depend, at least in part, upon the 
timely secretion of PGH and JH. 


6. Control and timing 


What turns the various endocrine glands 
on and off at appropriate times? How do 
the hormones affect the glands that produce 
them and other endocrine glands? These 
central problems have only begun to be ex- 
plored. The sole endocrine gland whose 
normal stimulus we may know is the pro- 
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Pupal brains 
-—— Homogenized in methanol 


Centrifuged 
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Extracted with ether 
Evaporate off ether 
Active oil 


FIG. 3. Preparation of active extracts of brain 
hormone (from Kobayashi and Kirimura, 1958). 


thoracic glands which are usually stimulated 
by BH. What stimulates the cyclical re- 
lease of BH by the neurosecretory cells of the 
protocerebrum is not surely known and, in- 
deed, this stimulus probably varies in differ- 
ent insects. It seems likely that sensory 
stimuli are often a crucial factor (Wiggles- 
worth, 1954; Van der Kloot, 1960) , although 
other factors such as nutrition (Wiggles- 
worth, 1960b), endogenous nervous rhythms 
and humoral agents are surely involved in 
some insects. The control of the corpora 
allata seems to involve both nervous and 
humoral control (cf. for example Johansson, 
1958; Nayar, 1958; Wigglesworth, 1959a; 
Engelmann, 1960). 


7. Hormone identification 


a. Chemical nature of the brain hormone. 
Extracts with BH activity were first prepared 
from insect brains by Kobayashi and Kiri- 
mura (1958). From 8500 surgically-isolated 
brains of the commercial silkworm Bombyx 
mort, they prepared an oily extract which 
possessed BH activity (Fig. 3). Injection of 
0.1 mg of the extract into pupae of Bombyx 
whose development had been arrested by re- 
moval of the brain caused the pupae to molt 
into adults. The hormone was soluble in 
organic solvents and appeared to be a lipid 





1 In some cases, in the absence of the brain, im- 


planted corpora allata will stimulate the pro- 
thoracic glands to secrete (Ichikawa and Nishiitsu- 
tsuji-Uwo, 1959; Williams, 1959), but this seems 
to be due to neurosecretory substances originally 
derived from the brain which are stored in the 
corpora allata (Ichikawa and Takahashi, 1959: 
Schultz, 1960). 


(or at least bound to a lipid). This came 
somewhat as a surprise to many endocrin- 
ologists for it had been commonly supposed 
that the neurosecretory substances of inverte- 
brates (e.g. BH) would resemble the neuro- 
secretory substances of vertebrates and would 
consist of some endocrinologically active small 
polypeptide (e.g., oxytocin) associated with 
an “inactive” large protein carrier molecule 
(Scharrer and Scharrer, 1958). The finding 
of these Japanese workers suggests that BH is 
a lipid and may be very different from the 
neurosecretory substances of vertebrates. 
Further support for this opinion comes from 
discovery that crude lipid extracts of adult 
male cecropia moths, (prepared orginally as 
JH extracts) caused molting in brainless dia- 
pausing pupae of Saturniid moths (Williams, 
1959; Gilbert and Schneiderman, 1959b). 
Similar results were obtained with purified 
JH preparations indicating that JH extracts 
contain a lipid substance, perhaps BH itself, 
that turns on the prothoracic glands. The 
suggestion that brain hormone is a deriva- 
tive of pteroylglutamic acid (L’Helias, 1955) 
has received no confirmation (cf. Karlson, 
1956). 

b. Chemical nature of the prothoracic 
gland hormone. PGH or molting hormone 
appears to be the only insect growth hor- 
mone that has been crystallized. In 1935 
Fraenkel, working with larvae of the blowfly 
Calliphora erythrocephala, provided the first 
convincing evidence that molting was due to 
a blood-borne agent. Just prior to pupation, 
the larval skin of Calliphora hardens to form 
a puparium within which the pupa and 
adult develop. When Fraenkel ligatured 
larvae prior to a critical period, only the an- 
terior fragment formed a puparium. By in- 
jecting blood from larvae which had just 
passed the critical period into permanent 
larval abdomens, he induced these fragments 
to form puparia. He concluded that the 
blood contained a puparium-forming hor- 
mone. Following this initial study Becker 
and Plagge (1939a, 1939b) began to purify 
this “puparium-forming hormone” using 
puparium formation in larval Calliphora ab- 
domens as an assay. Working without the 
aid of modern chemical tools (e.g., counter- 
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current distribution, chromatography, etc.) , 
they nevertheless produced a relatively potent 
extract by 1941 (Becker, 1941). 

This work was followed up by Butenandt 
and Karlson who in 1954 succeeded in iso- 
lating 25 mg of a crystalline material from 
500 kg of male pupae of Bombyx. This 
amounted to about 1/20,000,000th of the 
original weight (Fig. 4). Puparium forma- 
tion was induced in 70% of the ligatured 
abdomens of Calliphora by 0.0075 yg of this 
crystalline material, which they termed 
ecdysone, and this quantity was designated 
as one Calliphora unit. Proof that this ma- 
terial was actually the prothoracic gland hor- 
mone was provided by Williams (1954) who 
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showed that 20 wg caused an isolated pupal 
abdomen of cynthia to develop into a normal 
adult abdomen. He also reported that brain- 
less pupae respond to a smaller dose, and 
concluded that the injected ecdysone caused 
the animal’s own prothoracic glands to 
secrete. 

After further chemical work, Karlson 
(1956) separated two ecdysones of slightly 
different chemical structure which he termed 
alpha and beta ecdysone. He obtained only 
about 2.5 mg of beta ecdysone crystals from 
500 kg of silkworm pupae. The alpha form 
appears to be about twice as active as the 
beta form. The melting point of alpha 
ecdysone is 235° to 237°C. Its empirical 
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FIG. 4. Isolation of the prothoracic gland hormone (ecdysone) from Bombyx mori pupae 


(from Karlson, 1956). 
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TABLE 1. 


Distribution and action of ecdysone. 








Source 


Bombyx 


Calliphora 
Crangon 


Carcinus 


Assay Animal 


Calliphora 
Drosophila 


Ephestia 
Cerura 


Hyalophora 
Samia 


Cimbex 
Rhodnius 
Cryptocercus 


Kalotermes 
Leander 


Calliphora 
Calliphora 
Calliphora 


State of Assay Animal 


Effect 





ligated larval abdomen 

lgl larva (defective ring 
gland) 

ligated larval abdomen 

ligated larval abdomen 

brainless diapausing pupae 


isolated abdomen of 
diapausing pupae 
diapausing larvae 
decapitated larvae 
premolt nymphs 


nymphs 

intermolt animal 
ligated larval abdomen 
ligated larval abdomen 


ligated larval abdomen 


puparium formation 
puparium formation 


pupation 

color change 

initiation of adult 
development 

initiation of adult 
development 

initiation of development 

molting 

accelerates initiation 
of molting 

molting 

molting 


puparium formation 
puparium formation 


puparium formation 





From Karlson, 1956, Butenandt, 1959, Liischer and Karlson, 1958, Cleveland et al., 1960. 


formula is Cig H3o O, and the crystals prob- 
ably contain 2 moles of water that are driven 
off during drying. Its ultraviolet and in- 


frared spectra reveal that it is an alpha-beta 


unsaturated ketone, containing two or more 
hydroxyl groups, an ethyl group and prob- 
ably a methyl group. Although the details 
of its structure are not yet known, recent 
evidence indicates that it is a dicyclic com- 
pound and may represent a new class of 
biologically active substances. Recently Karl- 
son has isolated ecdysone from a number of 
other insects and has extracted a related sub- 
stance from the shrimp, Crangon vulgaris. 
The substance from shrimps causes molting 
in insects and insect ecdysone causes molting 
in shrimps (Karlson, 1959; and Karlson and 
Skinner, 1960) (cf. Table 1). Indeed, it 
appears exceedingly likely that ecdysone and 
its close relatives will prove to be the molting 
hormone of all arthropods. 

c. Chemical nature of the juvenile hor- 
mone. ‘The first active extract of juvenile 
hormone was prepared by Williams (1956) 
from the abdomens of adult male cecropia 
moths. He showed that the active principle 
could be extracted from the tissues with 
ether, and was neutral, heat-stable and oil- 
soluble. When this extract was injected into 


lepidopterous pupae it duplicated in detail 
the effect of implanting active corpora allata: 
the pupae molted into second pupae. 

The crude cold-ether extract of adult male 
abdomens is orange in color and about 200 
mg can be extracted from a single abdomen 
(Fig. 5). It contains virtually all the lipids 
of the abdomen and more vigorous extrac- 
tion procedures rarely increase the yield of 
oil by more than 5 percent. Injection of 50 


Adult male Cecropia abdomens 


Homogenized in ether in multi-mixer for 
10 minutes at 16,000 rpm 


Homogenate plus ether stands overnight 
with intermittent shaking 
| Filter 


| rc 


Residue reextracted Filtrate washed 3 & with water 
with ether | 


Golden brown ether solution 








Wash water discarded 
Solvent evaporated off 


Residual oil in vacuum oven 
(1 hour at 60°C) 


FIG. 5. Preparation of active extracts of the 
juvenile hormone. 
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mg of this oil into a pupa of the polyphemus 
moth just prior to the initiation of adult de- 
velopment causes the pupa to molt pre- 
cociously into a second pupa. That is, the 
epidermal cells lay down pupal cuticle in- 
stead of laying down adult cuticle. This is 
precisely what occurs when active corpora 
allata from larvae are implanted into a pupa 
(Piepho, 1942, 1951; Williams, 1952, 1959). 
Since this initial report, active extracts of 
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juvenile hormone have been prepared from 
adult males and females of seven families of 
Lepidoptera as well as from eggs, larvae and 
newly molted pupae, from representatives of 
seven other orders of insects and from 
various insect products like royal jelly (Gil- 
bert and Schneiderman, 1958a; Schneider- 
man and Gilbert, 1958, Schneiderman ez al., 
1960, and unpublished) and insect feces 
(Karlson and Schmialek, 1959). Further 


TABLE 2. Juvenile hormone activity of ether extracts of various invertebrates. 








Phylum Class 


Species Activity 





Porifera Desmospongiae 


Cnidaria Hydrozoa 


Anthozoa 


Platyhelminthes 
Rhynchocoela 


Ectoprocta 


Annelida 


Arthropoda 


Mollusca 


Echinodermata 


Enteropneusta 


Turbellaria 
Anopla 


Ctenostomata 
Cheilostomata 
Polychaeta 


Oligochaeta 
Malacostraca 


Merostomata 


Arachnida 
Pelecypoda 
jamie 4% 
Gastropoda 
Holothuroidea 


Echinoidea 
Balanoglossida 


Microciona prolifera 
Cliona celata 
Pennaria tiarella 
Tubularia crocea 
Pelmatohydra oligactis 
Gonionemus murbachii 
Physalia physalis 
Alcyonium carneum 
Metridium senile 
Cura foremani 
Cerebratulus lacteus 
Micrura caeca 
Alcyonidium verrilli 
Bugula flabellata 
Chaetopterus variopedatus 
Glycera dibranchiata 
Nereis virens 
Lumbricus terrestris 
Uca pugilator 
Orconectes immunis 

(entire ) 

(purified extract) 
Homarus americanus 

(eyestalks ) 
Carcinides maenas 

(fronts ) 

(rears ) 

(eyestalks ) 
Crago septemspinosus 
Palaemonetes vulgaris 
Upogebia affinis 
Limulus polyphemus 

(fronts ) 

(rears ) 

(purified sterols) 
Pholcus sp. 
Mya arenaria 
Venus mercenaria 
Deroceras agreste 
Thyone briareus 
Leptosynapta inhaerens 
Arbacia punctulata 
Saccoglossus kowalevskii 


ee ¢444447++c00r7477747 68 


cottoo + 


+otot+totooo 





From Schneiderman and Gilbert, 1958 and Schneiderman, Goldberg and White, 1960. 
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TABLE 3. Juvenile hormone activity of microorganisms.* 








Type of 
Extracts 


Species 


Per Cent 


Positive Tests Activity 





Ochromonas malhamensis 
Tetrahymena pyriformis 

Bakers yeast (fresh) 

Brewers yeast (dried) 
Micromonospora sp. (mycelium) 
Escherichia coli (cell-free broth) 
Proteus spp. (whole broth) 


ether 45 
ether 18 + 
ether 25 > 
ether 100 
chloroform 65 + 
ether 75 
ether 75 


++ 


++ 


+++ 
+++ 





* A large number of other microorganisms were tested and found to be inactive. 
From Schneiderman, Gilbert and Weinstein, 1960. 


study uncovered JH activity in many tissues 
of vertebrates (Gilbert and Schneiderman, 
1958a; Williams et al., 1959) and of in- 
vertebrates (Schneiderman and_ Gilbert, 
1958), in ciliates, flagellates, bacteria, yeasts 
and some plants (Schneiderman et al., 1960) 
(Tables 2, 3). All of these active extracts 
prevented certain tissues of young insects 
from assuming their adult aspect, but did 
not interfere with growth itself. In pupae of 
Lepidoptera, Coleoptera and in larvae of 
Hemiptera, local applications of active ex- 
tract caused the pupal (or larval) epidermal 
cells to secrete a second pupal (or larval) 
cuticle, whereas untreated cells nearby de- 
posited normal adult cuticle (Schneiderman 
and Gilbert, 1958; Wigglesworth, 1958). 
The chemical nature of the juvenile hor- 
mone is not yet known but it appears to be 
an unsaponifiable, non-sterolic lipid. It is 
not identical with a large number of alcohols, 
steroids, vitamins, carotenoids and hydro- 
carbons that have been tested for JH activity. 
Crude extracts are extremely stable to temp- 
erature extremes (Table 4). The active 
principle is resistant to aqueous alkali (5N) 
and acid (0.2N) and is not retained by 
anionic or cationic exchange resins (Wil- 
liams, 1956). Certain non-hormonal con- 
stituents of the crude extract may protect the 
active principle; for example, carotenoids 
may prevent auto-oxidation (Lovern, 1957). 
The fact that purified samples (Fig. 6) are 
more unstable than crude extracts, confirms 
this view. In addition some protection of 
crude extracts from deterioration through 
the action of microorganisms is provided by 
the presence of fatty acids that possess anti- 


bacterial activity (Gilbert and Slepecky, 
1960). 

d. Chemical nature of the egg-diapause 
hormone. Before concluding this discussion 
of the chemistry of insect growth hormones, 
mention should be made of a humoral factor 
which plays a key role in the voltinism of 
Bombyx mori. (Voltinism refers to the num- 
ber of generations an insect species completes 
in one year, i.e., bivoltine means two broods 
each year). In some races of Bombyx the 
eggs (or more precisely the embryos) enter 
diapause early in development; in bivoltine 
races the females of one generation produce 
non-diapause eggs whereas the females of 
the second generation produce diapause eggs, 
and so on. Whether or not eggs enter dia- 
pause is determined by the temperature and 
photoperiod to which the female was exposed 
during embryonic life. (For detailed reviews 
see Lees, 1955, 1956; Morohoshi, 1957). 
Fukuda (1951, 1952, 1953) and Hasegawa 
(1951) have shown that a substance which 


induces females to lay diapause eggs is lib- 


TABLE 4. Temperature stability of juvenile hor- 
mone extract. 








Treatment Assay Results* 





++++4 
+44 
+++4++4 
+++ 
as 
++4++ 
+++ 
+++ 


+++++—maximum 


Untreated extract 
Boiling water for 10 minutes 
Boiling water for 1 hour 

Boiling water for 3 hours 
Vacuum oven 60°C for 24 hours 
Dry air oven 138°C for 70 minutes 
Dry air oven 138°C for 4 hours 
Liquid nitrogen for 35 minutes 





*4 effect, 


effect. 


—slight 
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FIG. 6. Preparation of concentrated extracts of 
the juvenile hormone by counter-current distribu- 
tion (from Schneiderman and Gilbert, 1957). 
A Craig-post automatic counter-current distribution 
apparatus equipped with 40 ml chambers was 
utilized and the material carried through 50 trans- 
fers. This is equivalent to 1275 individual opera- 
tions. The solvent system employed was 83% 
ethanol in the lower phase and petroleum ether 
(b.p. 30-60°C) as the upper phase. The transfers 
included moving the upper phase successively over 
50 lower phase tubes, with new upper phase en- 
tering at each exchange. There were stepwise 
equilibrations after shaking of the two phases plus 
solute at each step. The volumes of the immiscible 
phases in each stage were equal. The entire opera- 
tion depends on the partition coefficient, a con- 
stant physical property of a molecule which is in- 
dependent of concentration and contaminating 
molecules. The partition coefficient is expressed 
as: 
concentration in solvent A 





concentration in solvent B 


and describes how a molecule distributes itself be- 
tween two immiscible solvents after equilibration. 
After the extract was passed through the apparatus, 
each container was siphoned, the solvents evapo- 
rated off, the residue weighed and finally assayed 
for juvenile hormone activity (Gilbert and Schneid- 
erman, 1960). 


erated by the subesophageal ganglion, prob- 
ably under the control of the brain. The 
actual source of the egg-diapause hormone 
appears to be neurosecretory cells in the 
subesophageal ganglion. By implanting an 
“active” subesophageal ganglion into a pupa 
which was destined to lay non-diapausing 
eggs as an adult, the animal was caused to 
lay diapause eggs. 

In 1957 Hasegawa prepared an active ex- 
tract of this egg-diapause hormone. With 
great patience he dissected out the brain- 
subesophageal ganglion complex from 15,000 
Bombyx pupae and extracted them with lipid 
solvents (Fig. 7). He obtained an oily ex- 
tract which when injected into pupae 
destined to lay non-diapause eggs, induced 
them to lay diapause eggs. He later found 
that the active principle could also be ex- 
tracted from whole pupal heads. 

The chemical nature of this egg-diapause 
hormone is not yet known but it appears to 
be widespread among Lepidoptera and is not 
species-specific. Thus implanting the subeso- 
phageal ganglion from other species of 
Lepidoptera which have a pupal but not an 
embryonic diapause (e.g., Antheraea pernyi) 
induced non-diapause Bombyx to lay dia- 
pausing eggs (Hasegawa, 1951). This ob- 
servation has led some workers to suggest 
that the pupal diapause of Lepidoptera may 
be controlled by the egg-diapause hormone or 
some related agent produced by the subeso- 
phageal ganglion (Hinton, 1953; Munro, 
1957). Efforts to confirm this suggestion 





The results reveal that the material in tubes 47-50 
constituted about 91% of the weight of the original 
extract and was devoid of activity. Most of the 
activity was in tubes 26-42, with tube 32 possessing 
the greatest activity. We have been able to detect 
1 part of extract in 942,000 parts of assay animal 
with this fraction. Most of the juvenile hormone 
activity was found in 2% of the original weight 
indicating about a fifty-fold concentration. How- 
ever, it is important to note that this is a fifty-fold 
concentration only if activity was distributed 
equally in tubes 26 to 42. Our calculations indi- 
cate that some of the tubes had hormone activity 
concentrated at least 100-fold. A second run 
through the same apparatus using the active ma- 
terial from the first procedure effected another 
two-fold purification, for a total concentration of 
two hundred-fold. 
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FIG. 7. Preparation of active extracts of the dia- 
pause hormone (from Hasegawa, 1957). 


have so far been unsuccessful and there is as 
yet no convincing evidence that the subeso- 
phageal ganglion controls the pupal diapause 
of Lepidoptera. 

e. Queen substance. When a queen is re- 
moved from a colony of honey bees (Apis 
mellifera) the behavior of the worker bees 
changes in a characteristic way and within a 
few hours they begin to build brood cells for 
the new queen (Butler, 1954). In addition 
the ovaries of the workers begin to develop 
(Butler, 1957). These effects result from 
depriving the workers of a special secretion, 
the “queen substance”, which is produced by 
the mandibular glands of the queen and is 
picked up by the workers when they lick her 
body (Butler, 1959). Since this substance 
has profound effects on both the ovarian 
growth and behavior of worker bees it is to 
this extent a growth hormone? and relevant 
to our discussion. However, since it is re- 
leased from the insect to the outside and 
exerts its effects on another individual of the 
same species, “queen substance” properly 





2 Of course, it may transpire that “queen sub- 
stance” serves merely as token stimulus to the 
C.N.S., causing the release of the appropriate hor- 
mones (Butler and Simpson, 1958). 


belongs to a special class of hormones, now 
called pheromones but formerly known as 
ectohormones or social hormones (Karlson 
and Liischer, 1959; Karlson and Butenandt, 
1959). Recently Butler et al., (1959) have 
crystallized a material (melting point 45- 
50°C; M.W. ca 190) from the heads of 
queen bees that was effective in their assay 
for “queen substance” in quantities as low 
as 0.13 wg per test bee. As appears to be 
typical for insect growth substances, prelimin- 
ary extractions were conducted with organic 
solvents (alcohol, ether). Data from infra- 
red absorption spectra lead them to believe 
that the active principle was an alpha, beta 
unsaturated carboxylic acid containing an 
unconjugated carbonyl group. Thus it ap- 
peared to be closely related to 10-hydroxy- 
delta 2-decenoic acid present in royal jelly, 
the product of the pharyngeal glands of nurse 
bees which when given to the bee larva 
throughout its growth, leads to the produc- 
tion of reproductives or queens. Recently 
Barbier and: Lederer (1960) characterized 
the “queen substance” as 9-OXO-2-decenoic 
acid 

eth a (CH); -CH=CH—COOH), 

O 


a compound very similar to 10-hydroxy-delta 
2-decenoic acid. 

A second pheromone recently identified is 
the sex-attractant of Bombyx mori. Although 
this substance is not a growth substance it 
has some special interest for insect bio- 
chemistry as a whole and is worth a brief 
comment. As is true of many insects, the 
female silkworm secretes a specific substance 
to attract the male. Recently Butenandt and 
his colleagues (1959) have identified this 
substance. From one-half million glands 
they obtained 280 gms of raw extract by ex- 
traction with ethanol:ether (3:1). Further 
purification gave 3.4 gms of an alcohol 
soluble fraction that was active in their assay 
in quantities as small as 10-* wgs. The assay 
consisted of noting the behavior of males 
that came within 0.5 to 1 cm of a glass rod 
containing the test material, or by studying 
the electrophysiological response of the an- 
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tennal nerve (Schneider and Hecker, 1956). 
Final chemical characterization revealed that 
the sex—attractant of Bombyx is a 16 carbon 
unsaturated alcohol (hexadeca-dien- (10,12) - 
ol-(1) ): 
CH;—CH2—CH2—-CH=CH —- CH= 
CH — (CH2)3 -CH2OH 


Recently Jacobson et al., (1960) have 
succeeded in isolating, identifying aud syn- 
thesizing the sex-attractant of the gypsy moth 
(Porethra dispar). The active compound is 
( + ) -10-acetoxy-1-hydroxy-cis-7-hexadecene. 
Extraction of the last two abdominal seg- 
ments of one-half million virgin female gypsy 
moths yielded 20 mg of a colorless, blue- 
fluorescing liquid that was soluble in pe- 
troleum ether, solidified in the cold, but 
melted at room temperature. This material 
was attractive to males in field tests in quanti- 
ties less than 10°* pgs. 


B. CHEMICAL CHANGES DURING 
METAMORPHOSIS 


Molting and metamorphosis are initiated 
by ecdysone and are influenced by JH. 
Hence, when we study the metabolic changes 
that occur during molting and _ meta- 
morphosis we are perforce studying the con- 


The problem 


sequences of hormone action. 
of course, is to discern causal connections 
between observed metabolic events and to 
determine what are the immediate effects of 
the hormone and what are secondary effects. 
To accomplish this we first must take stock 
of the biochemical repertory of insects so that 


we can identify relevant changes. Many of 
the biochemical pathways of insects appear 
to be very much like those demonstrated in 
higher animals, e.g. the citric acid cycle. But 
several seem to differ, if not qualitatively, 
then at least in their relative importance in 
the economy of the insect as contrasted to 
the vertebrate. Moreover, there appear to 
be some pathways that may be peculiar to in- 
sects. Let us first consider briefly some of 
the major features of insect biochemistry, 
and then against this background examine 
the possible mode of action of the hormones 
responsible for ‘metamorphosis. 
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1. Amino acid content 


Since growing cells use amino acids to 
synthesize proteins, one might expect to learn 
something about protein synthesis during de- 
velopment from studying the changing con- 
centrations of free amino acids during de- 
velopment. Such studies have revealed that 
insects differ from most other organisms in 
their content of free amino acids. The blood 
of most vertebrates contains about 50 mg of 
free amino acids per 100 ml while the blood 
of most invertebrates other than insects has 
an amino acid content of about 100 mg per 
100 ml. The blood of insects however has a 
far higher concentration of amino acids. 
Florkin (1959) and his colleagues have 
shown that the free amino acid content of a 
variety of insect species ranged from 293 to 
2340 mg per 100 ml of plasma. So far as 
we are aware there are no other examples in 
the animal world of a “milieu interieur” with 
such a high concentration of free amino 
acids (Table 5). Indeed, it has been sug- 
gested (Florkin, 1944) that this high titer 
of amino acids in the blood is so characteris- 
tic of insects that it is justified as a taxonomic 
characteristic of the Class! 

This high concentration of amino acids 
is made up largely of the twenty-odd amino 
acids common to the proteins of higher and 
lower organisms. But, in addition, several 
unusual amino acids and derivatives have 
been identified, including beta alanine, 
ornithine, gamma amino butyric acid, alpha 
amino butyric acid, taurine, cystethionine, 
S-methyl cysteine, 3-hydroxykyneurinine and 
D-alpha alanine (Irreverre and Levenbook, 
1960; Wyatt, 1961). 

The physiological significance of this high 
titer of amino acids is not yet known, al- 
though they are potent buffers, contribute to 
the amino acid pool for protein synthesis, 
and probably play a role in cold-hardiness. 
There have been numerous attempts to fol- 
low changes in amino acid content both 
quantitatively and qualitatively during 
various stages in the life of insects in an 
effort to correlate these changes with par- 
ticular developmental events. However, 
ordinarily the concentration of free amino 
acids varies too much between individuals 
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plasma. From Florkin, 1959, and Martignoni, 1960. 


Free amino acid content of human plasma and insect blood. As mg/100 ml of 








Amino Acid 


Human 
Plasma 


Bombyx 
mori Plasma 
(mature larva) 


Bombyx mori 
Plasma (pupa) 


Samia 
cynthia 

Plasma 

(pupa) 





Alanine 
Arginine 
Aspartic acid 
Glutamic acid 
Glycine 
Histidine 
Isoleucine 
Leucine 
Lysine 
Methionine 
Phenylalanine 
Proline 
Threonine 
Tyrosine 
Valine 


noe 


—) 
nh 


WOOm = BN: 
© © rm tH Ge © bo ¢ 


Ssegktges 
ip RO USS Hi 


52.8 258.5 
36.4 167.0 
3.4 3.7 
62.8 14.1 
90.5 48.9 
272.1 100.0 
26.1 78.5 
12.7 105.6 
78.2 238.5 
106.3 22.2 
12.3 27.4 
70.0 238.9 
43.2 76.7 
4.8 
122.5 


38.4 





* Concentration of combination of isoleucine and leucine was 29. 


and between groups of seemingly identical 
animals to allow the description of any 
definite alterations. In a few cases, how- 
ever, systematic changes in the concentration 
of individual amino acids have been noted 
during the development of particular insects 
although no qualitative changes have been 
uncovered. 

In Bombyx for example, Florkin (1959) 
has shown that there is a continuous increase 
in the concentration of histidine during the 
fifth instar. This amino acid is not taken 
up in large amounts by the silk glands but 
remains in high concentration during the 
fifth instar and during pupal life. At the 
end of spinning there is a fall in the content 
of aspartic and glutamic acid and an increase 
in methionine. At the time of the last larval 
molt there are transitory increases in alanine, 
glutamic acid and glycine. Two or three 
days later the alanine and glycine concentra- 
tions fall. At the end of the pupal-adult 
transformation there are high concentrations 
of glutamic acid, histidine, methionine and 
lysine. During adult life there is a fall in 
lysine, glycine, and histidine, and glutamic 
acid and methionine emerge as the main 
amino acid constituents. 

Among all these fluctuations in amino 


acids during silkworm development, the only 
ones whose basis we understand are the 
changes at the end of larval life where some 
amino acids are incorporated into silk 
fibroin in the process of cocoon construction. 
The cause of the other fluctuations is not 
understood. One of the difficulties in studies 
of this type is the well-known fact that the 
state of nutrition of the animal may pro- 
foundly affect the concentration of free 
amino acids. With the silkworm it is diffi- 
cult to obtain completely uniform groups of 
experimental animals and many of the past 
results may indicate nutritional variations 
rather than changes accompanying meta- 
morphosis. 

Experiments of Chen (1958, 1960) on 
Drosophila melanogaster, where diet can be 
controlled more completely, have bypassed 
some of these nutritional problems. In both 
body extracts and blood of Drosphila the 
concentration of tyrosine, proline, glutamic 
acid and glutamine increased rapidly during 
the end of larval life. They decreased in 
concentration during metamorphosis and 
were apparently important in the synthesis 
of cuticular proteins. Further studies of the 
fate of injected labeled amino acids are 
eagerly awaited. 
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2. Proteins 


In recent years there have been increasing 
numbers of papers on various protein frac- 
tions from the blood of several orders of 
insects, particularly the Lepidopiera. Insofar 
as the total amount of blood proteins is con- 
cerned, there appears to be a characteristic 
pattern during metamorphosis (Wyatt, 
1961). (a) During larval life, blood pro- 
teins increase in amount in close parallel with 
increasing size of the insect. Most of the 
synthesis occurs during the last larval instar 
when most of the increase in body weight 
takes place. (b) During cocoon spinning, 
pupation and early pupal life there is little 
change in protein content although the blood 
becomes somewhat more concentrated since 
the insect loses a great deal of water. (c) 
During the pupal-adult transformation there 
is a sharp fall in both protein concentration 
and content, as the blood proteins are utilized 
in the formation of adult structures. 

Since there are numerous different pro- 
teins in the blood, the question arises 
whether some play a special role in develop- 
ment and (a) are directly incorporated into 
new cells or (b) have some enzymatic func- 
tion. Partial answers to these questions have 
been provided by the elegant studies of 
Telfer and Williams (1953). Using the im- 
munological technique of agar diffusion, they 
found 9 proteins with antigenic activity in 
the blood of the cecropia silkworm and fol- 
lowed the titer of 7 of these proteins during 
metamorphosis. Absorption tests revealed 
that the blood contained five of these anti- 
gens at all stages of metamorphosis. The 
sixth protein was undetectable in the blood of 
the fourth instar larvae but appeared late in 
the fifth instar and persisted during the pupal 
period, disappearing again during adult de- 
velopment. All six antigens appeared to in- 
crease in concentration during the last larval 
instar and to decrease in concentration dur- 
ing the pupal-adult transformation. Each 
protein differed from the others in the time 
of concentration change, suggesting that each 
protein had an individually controlled syn- 
thetic mechanism. Antigen 7 is a so-called 
female protein. The female blood has 1000 


times the concentration of this protein as 
does the male (Telfer 1954). It is not found 
in the larva of either sex and makes its initial 
appearance in the prepupal stage. During 
egg development this protein appears to be 
concentrated in the eggs with a correspond- 
ing decrease in the blood of the female. 
These findings have assumed special sig- 
nificance since Laufer’s discovery (1959, 
1960) that virtually all of these blood 
proteins had enzymatic activity. Laufer 
separated the blood proteins by zone electro- 
phoresis in starch gels as well as by im- 
munochemical techniques and then employed 
histochemical procedures to demonstrate 
particular enzymes. He identified a number 
of different esterases, phosphatases, carbo- 
hydrases, sulfatases, tyrosinase, chymotrypsin 
and malic dehydrogenase. This enzymatic 
activity remained in the antigen-antibody 
complexes produced by the agar diffusion 
technique and Laufer was able to associate 
particular blood antigens with particular 
groups of enzymes. This means that the 
changing concentration of specific blood pro- 
teins reflects a changing concentration of a 
particular group of enzymes. What role 


these blood-borne enzymes have, remains to 
be discovered. 

Distinct changes in the concentration ol 
particular blood proteins occur during the 
development of many insects beside Lepi- 


doptera. Steinhauer and Stephen (1959) 
for example resolved three protein fractions 
in the blood of the roach Periplaneta ameri- 
cana. One of these fractions appeared only 
at the time of molting and disappeared dur- 
ing the intermolt period, a fact which sug- 
gests that it may have some special role 
in the molting process. In another study, 
Chen (1958, 1959) showed that in both 
Drosophila and Culex there was a marked 
increase in the concentration of blood pro- 
teins at the end of larval life. By means of 
starch-gel electrophoresis 7 protein fractions 
were separated in Drosophila and 4 in Culex, 
and these various protein fractions increased 
at different rates indicating independent and 
specific synthesis and utilization. A number 
of other studies of insect blood proteins are 
summarized in Table 6 (Wyatt, 1961). 
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TABLE 6. Analysis of insect blood proteins by electrophoresis. A=adult, P=pupa, L=larva. 
From Wyatt, 1961. 








Technique 


Insect 





Paper 


Moving 
Boundary 


Starch 
Gel 


Periplaneta (L,A) 


Periplaneta (L,A) 


Curculio (L) 


Melontha 
Neopdiprion 
Porthetria (L,A) 


Drosophila (L) 


Culex 


Periplaneta 
Blatta 
Oncopeltus 
Pleocoma 
Lichnanthe 
Phormia 


Smerinthus (female A) 


Bombyx (L) 


Schistocerca (A) 


Culex 


Hyalophora (A) 


Bombyx (L,P) 


Tenebrio 

Dytiscus 

Galleria 
Phragmatobia 
Mactrothylacea (L) 


Triatomidae, Ticks 


Drosophilia (L) 


Culex (L) 


Periplaneta 
Vespula 
Malcosoma (L,P,A) 


Galleria (L) 
Bombyx 


Hyalophora (L,P) 


Samia 


Comment 





3 main bands differing with stage 


5 bands, including glycoprotein and lipoprotein, 
differing at time of molt 


Up to 5 bands with differing patterns accord- 
ing to species 


2 to 4 bands 


2 bands; difference between normal and lethal 


1 band; difference between autogenous and 
anautogenous forms 


2 to 4 bands with different patterns according 
to species 


2 to 3 bands with different patterns according 
to stage, molting, sex and disease; includes 
glycoprotein and lipoprotein 


3 peaks 
Several indistinct peaks 


3 main peaks; several small peaks with sexual 
difference 


3 main peaks 
More numerous bands and better separation 


than paper; different sequence of bands than 
with paper 


Up to 11 bands that could not be correlated 
with physiology of animal 


7 bands with differences in normal and lethal 
4 bands 

5 to 15 bands increasing with development and 
showing species differences 

Up to 11 bands increasing with development 
and showing species differences 


Bands differ quantitatively with stage and sex 
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3. Peptides 


When insect blood is deproteinized and 
chromatographed on paper to separate 
free amino acids, there invariably occur 
ninhydrin-positive spots which are obviously 
polypeptides since they disappear after 
hydrolysis. The characterization and role 
of these polypeptides in most cases has been 
neglected. An exception is the work of Fox 
et al., (1959) who found a sex-limited pep- 
tide in Drosophila melanogaster. This pep- 
tide was found only in males or genetic 
females that had become sterile males by the 
action of the gene “transformer” located on 
the third chromosome. Another example is 
the finding of Sissakian (1959) of a number 
of complex peptides in the blood of Bombyx 
which were conjugated with lipids, carbo- 
hydrates, and apparently nucleotidic com- 
ponents. 

It can thus be seen that the growth and 
development of insects is accompanied by 
qualitative, quantitative, and often sex- 
limited changes in the amino acids, peptides 
and proteins of the blood. 


4. Metabolism of proteins and amino acids 


Deaminases, which cleave the alpha amino 
group from amino acids oxidatively have 
been demonstrated in insects. Both D- and 
L-amino acid oxidases are present in the 
desert locust, Schistocerca gregaria (Kilby 
and Neville, 1957) and in the fly Calliphora 
erythrocephala (Desai and Kilby, 1958). Al- 
though the L-amino acids are the more com- 
mon by far in living things, D-alanine is 
found in the milkweed bug Oncopeltus 
fasciatus (Auclair and Patten, 1950) and is 
probably metabolized by this insect. 

Transaminases catalyze the transfer of the 
amino group from an amino acid to an ac- 
ceptor molecule. Because virtually all the 
known amino acids participate in these re- 
actions, there is most likely a wide variety of 
transaminases. McAllen (cf. Bheemeswar, 
1959) has demonstrated these enzymes in 
tissues of Diptera, Lepidoptera and Or- 
thoptera. He has shown that transaminase 
activity closely parallels protein synthesis, in- 
creasing during larval life and then again 
during the formation of adult structures. 


Decarboxylation of amino acids to their 
corresponding amines appears to be im- 
portant in all organisms. In higher animals 
such important end-products as histamine, 
adrenaline, and indolealkylamines like sero- 
tonin arise from this mechanism (Bheem- 
eswar, 1959). Davy (1960) has recently 
established the presence of indolealkylamines 
in Periplaneta and Hilchey et al. (1957) have 
demonstrated the decarboxylation of cystine 
to taurine in Musca domestica. 

Little has been done in the field of pro- 
tein synthesis in insects except for studies of 
the incorporation of amino acids into silk 
(e.g., Fukuda and Hayashi, 1958; Fukuda 
et al., 1959; Shimura et al., 1956a, 1956b, 
1956; Bricteux-Gregoire and Verley, 1958; 
Bricteux-Gregoire et al., 1960) and for a few 
studies of insect blood proteins (Telfer and 
Williams, 1955). These preliminary studies 
indicate that the mode of protein synthesis 
in insects is similar in some respects to that 
in microorganisms and vertebrates (see re- 
view by Cohen and Gros, 1960). There is 
evidence, however, that protein synthesis in 
insects may have some peculiarities. For ex- 
ample, recently Faulkner and Bheemeswar 


(1960) have reported that the tissues of 
Bombyx, particularly the posterior silk glands, 
incorporate radioactive glycine, in vitro as 
well as in vivo, at rates much higher than 


vertebrate tissues. They found the rate of 
incorporation of the labeled amino acid was 
low at the period of molting from the fourth 
to fifth instar larva, increased rapidly through 
growth of the last instar larva, and declined 
just prior to spinning. Incorporation was an 
aerobic process and depended on the pres- 
ence of bivalent ions. However, they found 
that concentrates of the glycine-activating 
enzyme failed to facilitate the incorporation 
of glycine into silk, suggesting that the in- 
corporation of amino acids into insect pro- 
teins may not be solely by way of the conven- 
tional schemes elucidated in other organisms. 
Consistent with this suggestion is the observa- 
tion of Heller e¢ al. (1959) that glycine, 
which makes up 42 per cent of silk fibroin in 
Bombyx cocoons, has the lowest rate of 
amino acid activation, whereas tryptophan 
and tyrosine have high rates of activitation, 
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although they are present in silk in only trace 
amounts. 
5. Carbohydrates 


Carbohydrates are the preferred metabolic 
fuel for most organisms including insects (see 
however, section B8). In mammals and in 
most invertebrates that have been studied, 
the principal blood sugar is glucose. In 
many insects however the main blood sugar is 
trehalose, a non-reducing disaccharide* 
(Evans and Dethier, 1957; Wyatt and Kalf, 
1956). Trehalose has been found to be 
rapidly synthesized (Candy and Kilby, 
1959) and catabolized by many insects. In 
the desert locust (Schistocerca gregaria) it 
may occur in concentrations up to 2000 mg 
per 100 ml of plasma (Howden and Kilby, 
1956) and in larvae of the solitary bee 
Anthopera sp. it reaches the phenomenal 
concentration of 6554 mg per 100 ml of 
plasma (Duchateau and Florkin, 1959)! 
Treherne (1958a, 1958b, 1958c) believes that 
the conversion of ingested sugars to trehalose 
facilitates diffusion through the gut wall. 
Wyatt and his co-workers (Wyatt and Kalf, 
1957; Bade, 1960; Wyatt, 1961) have studied 
the changing concentration of trehalose in 
the blood of the cecropia silkworm during 
post-embryonic life. The mature larva has a 
high concentration of trehalose (2000mg/ 
100 ml) which falls to 600 mg/100 ml in the 
early pupa and steadily declines to a diapaus- 
ing level of 150-300 mg/100 ml plasma. The 
initiation of adult development is marked 
by a significant rise in blood trehalose which 
is mobilized to provide some of the energy 
for the pupal-adult transformation. At this 
time other compounds are presumably con- 
verted into trehalose. 

In addition to this new blood sugar, sev- 
eral insects have large concentrations of 
glycerol in their blood (Wyatt and Kalf, 
1956; Wyatt and Meyer, 1959; Salt, 1958; 
Wilhelm et al., 1960). Salt (1959) has 
proposed that this glycerol is part of a device 
to protect the insect tissues from low temp- 
eratures. He showed that larvae of the saw- 
fly, Bracon cephi, contain concentrations of 





% Trehalose also appears to be a major con- 
stituent of nematodes (Fairbairn, 1958). 


glycerol as high as 25% (5 molal) and with- 
stand supercooling as low as —40°C. In the 
cecropia silkworm glycerol may constitute up 
to 3.5% of the blood and tissues of diapaus- 
ing pupae. The glycerol appears to be de- 
rived from glycogen (Wilhelm et al., 1960). 
It is virtually absent from the larval stages 
and from the prepupa but appears on the 
day of pupation and increases rapidly during 
the first few days of pupal life reaching its 
maximum concentration after one or two 
months (Wyatt and Meyer, 1959; Wilhelm 
et al., 1960). It remains at a high level until 
the initiation of adult development, where- 
upon it rapidly disappears. Interestingly, the 
diapausing pupa of the cynthia silkworm, a 
close relative of cecropia, accumulates only 
about one-tenth as much glycerol in its blood, 
but its glycerol content can be increased by 
50% by exposing it to low temperatures 
(e.g. 5°C) for a month (Wilhelm, 1960). 

Besides glycerol, another polyhydric al- 
cohol, sorbitol, has been found in insects. 
Chino (1958) has reported that glycogen is 
converted to sorbitol and glycerol in diapaus- 
ing eggs of Bombyx. The concentration of 
these substances was high during diapause 
but diminished with the renewal of embryo- 
genesis when they were apparently resynthe- 
sized into glycogen. 

The accumulation of these large amounts 
of glycerol by insects during periods of rela- 
tive metabolic inactivity cannot possibly re- 
sult from fat metabolism and clearly must 
come about in another way. The origin 
appears to be the peculiar glycolytic mechan- 
ism of some insects which is discussed in sec- 
tion B6 below. 

Recent studies indicate that in some in- 
sects a large amount of blood carbohydrate 
is bound to protein. For example in 
Periplaneta half of the blood carbohydrate 
is protein-bound. The principal bound 
carbohydrates appear to be mannose, galac- 
tose, n-acetyl-glucosamine and -galactosa- 
mine. The carbohydrate components undergo 
characteristic fluctuations during molting and 
metamorphosis, the protein-bound hexo- 
samines decreasing during the premolt period 
when a new cuticle is being secreted, but in- 
creasing again at the time of ecdysis when the 
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breakdown products of the old cuticle are 


reabsorbed (Lipke, et al., 1960). 
6. Glycolysis 


In insects, glycogen and trehalose are the 
main sources of glucose. As in most organ- 
isms, the essential first phase in the prepara- 
tion of glucose for metabolic breakdown and 
energy release is glycolysis, the anaerobic 
cleavage of glucose into simple units. In 
most animal tissues the end-product of this 
anaerobic breakdown of glucose is lactic acid, 
in yeasts, ethanol and carbonic acid, and in 
plants ethanol and pyruvic acid. Although 
insects appear to possess all of the enzymes 
of the Embden-Meyerhof glycolytic system 
(Chefurka, 1959), the principal end-product 
of glycolysis in many insects appears to be 
alpha glycerophosphoric acid, as well as some 
lactic, pyruvic, acetic and other acids (cf. 
reviews by Rockstein, 1957; Chefurka, 1959; 
and also Kubista, 1958). The appearance 
of this unique end-product is correlated with 
the fact that many insect tissues are deficient 
in lactic dehydrogenase (Zebe and McShan, 
1957) but rich in alpha glycerophosphate 
dehydrogenase (Chefurka, 1958; Delbriick 
et al., 1959). The absence of lactic dehydro- 
genase would ordinarily lead to an accumula- 
tion of reduced diphosphopyridine nucleotide 
(DPNH) and a deficiency of DPN needed 
for the oxidation of glycerol-3-phosphate. 
This is apparently prevented by the alpha 
glycerophosphate dehydrogenase which re- 
duces dihyroxyacetone phosphate to alpha 
glycerophosphate and simultaneously oxidizes 
DPNH. This leads to the accumulation of 
alpha glycerophosphate in many insect tissues 
(Kubista, 1957; Biicher and Klingenberg, 
1958). In some of these tissues the alpha 
glycerophosphate is readily dephosphorylated 
to glycerol (Wyatt, 1958). 

The foregoing arguments can explain the 
anaerobic accumulation of glycerol, but what 
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about the build-up of glycerol that occurs 
aerobically in cecropia pupae and Bombyx 
eggs at the onset of diapause? One would 
expect that under aerobic conditions there 
would be such fierce competition for DPNH, 
by the electron transfer system of cytochromes 
and flavoproteins, that there would be 
scarcely any opportunity for a DPNH-linked 
reductive synthesis of alpha glycerophosphate. 
The peculiar biochemical conditions in the 
diapausing insect which facilitate a reductive 
synthesis will be discussed in section Cla. 

In non-diapausing insects with normal 
rates of metabolism the aerobic metabolism 
of carbohydrate appears to follow pathways 
similar to other organisms (Rockstein, 1957; 
Chefurka, 1959; Sacktor, 1959). In addition 
to the Embden-Meyerhof system there ap- 
pears to be a pentose phosphate pathway 
which enables them to convert glucose-6- 
phosphate to 6-phosphogluconic acid, which 
is in turn converted into pentose phosphates 
(Chefurka, 1957; Ito and Horie, 1959). The 
quantitative importance of this oxidative 
pathway in relation to the Embden-Meyerhof 
glycolytic pathway and the citric acid cycle 
has not been determined. 

In certain very active insect tissues like 
flight muscle, alpha glycerophosphate appears 
to play a special role in the so called ‘alpha 
glycerophosphate cycle’ (Fig. 8). This cycle 
is a mechanism whereby hydrogen generated 
into the extra-mitochondrial (cytoplasmic) 
pool of DPNH by the Embden-Meyerhof 
pathway is made available to the respiratory 
chain in the mitochondria. The hydrogen 
is transferred to dihydroxyacetone phosphate 
by the action of a DPN-dependent extra- 
mitochondrial alpha glycerophosphate dehy- 
drogenase. The alpha _ glycerophosphate 
diffuses readily into the mitochondrial com- 
partment where a mitochondrial-bound alpha 
glycerophosphate dehydrogenase is located. 
This enzyme is not coupled to DPN but 


DIHYDROXYACETONE-P + DPNH, = ALPHAGLYCEROPHOSPHATE + DPN 
Soluble system 
(cytoplasmic) 
ALPHAGLYCEROPHOSPHATE + 14 O, = DIHYDROXYACETONE-P + H,O 
Mitochondrial system 


FIG. 8. The alpha glycerophosphate cycle (from Klingenberg and Biicher, 1960). 
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enters directly into the respiratory chain 
(Biicher, Klingenberg and Zebe, 1959; 
Sacktor, 1960; Klingenberg and _ Biicher, 
1960; Winteringham, 1960). 


7. Lipids 


Lipids serve as an important source of fuel 
for various phases of physiological activity in 
all organisms. Early work on insect lipids has 
been reviewed by Scoggin and ‘Tauber 
(1950) and recent work by Niemierko 
(1959). Most analyses of lipid content of 
insects have involved homogenization of 
whole animals and extraction with organic 
solvents like diethyl ether. Such analyses 
have usually revealed a higher concentration 
of total lipid in the female of the species, and 
this has been correlated with the storage of 
food reserves for egg production. Among 
Lepidoptera however, the male moth com- 
monly has a higher lipid content than the 
female (Vaney and Maignon, 1906; Yama- 
fuji, 1937; Niemierko et al., 1956; Demy- 
anovsky and Zubova, 1957; Gilbert and 
Schneiderman, 1959a). The difference in 
the quantity of fat expressed as the percent- 
age of fresh body weight has been reported 
to vary from 1% in some Lepidoptera to 
50% in the beetle Pachymerus (Niemierko, 
1959). 

Although the chemistry of insect lipids 
has not been extensively studied with modern 
chemical techniques like gas chromotography, 
past work indicates that insect lipids are 
similar to those of other animals. Cholesterol 
is the principal sterol of most insects, 
although phytophagous species often contain 
various plant sterols (like sitosterol and 
stigmasterol) from their diet (Levinson, 
1960). There are, however, a few lipids 
which may be peculiar to insects. Bombi- 
cesterol, a Cog sterol, has been identified in 
the silkworm (Deuel, 1951), and high molec- 
ular weight aliphatic alcohols and hydro- 
carbons have been isolated from the beetle 
Dermestes vulpinus (Clark and Bloch, 1959). 
In most of the reported analyses of insect 
fats, the unsaturated fatty acids predominate 
over the saturated. One fatty acid, 10- 
hydroxy-delta 2-decenoic acid, found in the 
royal jelly of bees, has not been reported in 


TABLE 7. Lipid content during .aetamorphosis of 
Bombyx mori. Percent dry weight. From Niemierko 
et al., 1956 and Yamafuji, 1937. 








Stage Percent Dry Weight 





Diapause egg 34.0 
First instar larvae (newly 
hatched ) 
Second instar larvae 
Third instar larvae 
Fourth instar larvae 
Fifth instar larvae 
day 2 (male) 
(female ) 
(male) 
(female ) 
(male) 
(female ) 
Prepupa 
(male ) 
(female ) 


19.0 

18.0—20.0 
18.0—20.0 
18.0—20.0 


13.81 

7.95 
16.46 
15.63 
16.09 
16.14 


day 5 


day 8 


38.26 
28.61 
Pupa 
day 1 39.45 
31.07 
40.25 
25.00 


(male ) 
(female ) 
day 8 (male) 
(female ) 

Adult 
day 1 49.45 
24.26 


(male ) 
(female ) 








other organisms. A new class of lipid com- 
ponents thought to be important in electron 
transfer and cellular respiration are the so- 
called coenzymes Q or ubiquinones—quin- 
ones with long isoprenoid side chains. 
Preliminary studies (Lester and Crane, 1959) 
suggest that insects have a specific coenzyme 
Q, Qo, which has only nine isoprenoid units 
in its side chain, in contrast to the coenzyme 
Q,o found in mammals and the coenzyme 
Qs of yeast (Klingenberg and Biicher, 1960). 

As mentioned above, a sexual dimorphism 
in lipid content occurs in many Lepidopetera, 
and male moths contain much more lipid 
than females. This appears also to hold true 
in the larval and pupal stages, but the di- 
morphism is greatest in the newly emerged 
moth (Table 7). In the cecropia silkworm, 
during the pupal-adult transformation the 
female utilizes considerable lipid, whereas 
the male moth contains approximately as 
much lipid as the pupa from which it came 
(Gilbert and Schneiderman, 1961). This 
suggests that the male moth converts other 
substrate material to lipid during the de- 
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velopment of the adult. Biochemical sys- 
tems which accomplish such conversions have 
already been established in the flight muscles 
of several adult Lepidoptera (cf. following 
section). Whether such conversions are im- 


portant in other groups of insects remains 


to be proven. 


8. Lipid metabolism 


There have been numerous reports of 
changes in lipid content during development. 
(For example Rothstein (1952) has shown 
that lipids are the main source of energy 
during embryogenesis of the Japanese beetle 
Popillia japonica). However there has been 
only limited fundamental biochemical work 
on the metabolism of lipids. Most studies 
have dealt with digestion and sterol metabo- 
lism (Beck and Kapadia, 1957; Bergmann 
and Levinson, 1958; Fraenkel et al., 1941; 
Robbins et al., 1960; Kaplanis et al., 1960). 
High lipase concentrations have been found 
in muscles of certain insects (George et al., 
1958) and in the blood and other tissues of 
several species of Lepidoptera (Nelsen, 1958; 
Laufer, 1960; Domroese and Gilbert, 1960; 
cf. also Yamafuji, 1937). 

Recent work indicates that the beta oxida- 
tion pathway of lipid breakdown functions in 
insects. Hoskins et al., (1956) detected the 
presence of the acetate-activating enzyme in 
flight-muscle mitochondria of the honey bee. 
Nelsen (1958) showed the presence of ace- 
tate, laurate, butyrate and palmitate-activa- 
ting enzymes in fat body homogenates of 
P. americana and laurate activating enzymes 
in H. cecropia, A. polyphemus and A. my- 
litta. 

Zebe and McShan (1959) described an 
enzyme in the fat body of the moth, Prodenia 
eridania, that catalyzed the incorporation of 
labeled acetate into long chain fatty acids, 
chiefly palmitic. The cofactor requirements 
for this reaction were similar to those of the 
fatty acid metabolic systems of rat and pigeon 
tissues. Recently, Zebe (1960) identified the 
“condensing enzyme” (which leads acetic 
acid into the citric acid cycle) and beta- 
keto-acyl-thiolase (which leads _beta-keto 
acids into the fatty acid cycle) in the mito- 
chondria of locust flight muscle. The ac- 


tivity of these enzymes was relatively great 
compared with pigeon and rat tissues (e.g., 
the condensing enzyme was 130 times as 
active in locust flight muscle as in the leg 
muscle of the rat). 

Meyer et al., (1960) have demonstrated 
the oxidation of fatty acids by a particulate 
fraction from the thoracic muscles of the 
desert locust. Butyrate was oxidized com- 
pletely and most rapidly of all fatty acids 
tested and they suggest that it may act as a 
“primer” in the catabolism of fatty acids in 
the tissues of this insect. The cofactors 
necessary for oxidation of fatty acids by this 
insect particulate fraction were similar to 
mammalian systems (Mg ions and ATP). 
However, several differences existed: cyto- 
chrome C was not needed (perhaps due to 
a high concentration of cytochrome C in the 
particles) ; the system did not require coen- 
zyme A; the pH optimum (6.4) was lower 
than for vertebrate systems. Metabolic in- 
hibitors acted as would be expected on the 
basis of experiments with vertebrate tissues. 

In sum, all of the experiments thus far 
conducted indicate that the basic catabolic 
pathways of lipids are similar in insects and 
other organisms. 

Weis-Fogh (1952) has shown that, in some 
insects at least, lipid is directly utilized during 
flight. The monarch butterfly, Danaus 
plexippus, is a continental migrant and ap- 
parently utilizes lipid during flight. Prior 
to migration this species lays down a store of 
fat as do migratory birds (Beall, 1948). 
Since its only food is nectar which does not 
contain either protein or fat, it evidently 
converts carbohydrates to lipid during periods 
of repose and then uses this fat during 
flight. Indeed, in all butterflies and moths 
examined, even when glucose was injected 
into the blood it had to be converted into fat 
prior to being used for energy production in 
flight (Zebe, 1954). Thus it appears that 
unlike bees and flies, Lepidoptera are unable 
to use carbohydrates as a direct fuel for fiight 
and must first convert it to fat (Wiggles- 
worth, 1960c). 

Besides Lepidoptera, fat is also used as the 
fuel for flight by many other groups of in- 
sects, particularly those that engage in sus- 





GILBERT AND SCHNEIDERMAN 


TABLE 8. Phosphates in the plasma of Hyalophora cecropia. Mean concentrations in mM. 
From Wyatt, 1959. 








Total Acid- Ortho- 
Soluble P Phosphate 


Stage 


Mature larva 28.5 VR 
Diapausing pupa 


Developing adult 
day 2 
day 7 


day 14 


tained flight. Thus, the gregarious phases of 
insects like Locusta, Laphygma and Spo- 
doptera which fly for long periods contain 
more lipid than the non-migrating solitary 
phase (Matthée, 1945) and most of the 
energy for flight comes from fat (Weis-Fogh, 
1952). 

A final point worth noting is the inability 
of insects to synthesize sterols. Indeed, so 
far as we are aware, insects cannot 
synthesize squalene which is the non-cyclic 
precursor of sterols in many organisms (Clark 
and Bloch, 1959). (Annelids too may be un- 
able to synthesize sterols although they can 
synthesize squalene (Wooton and Wright, 
1960).) The inability to synthesize sterols 
means that insects as a group have a dietary 
requirement for sterols. It also implies that 
if any insect hormones should prove to be 
steroids, then probably they are made by 
modifying a dietary sterol. Many (and per- 
haps all) phytophagous insects are able to 
convert the C2g-29 phytosterols of their food 
into cholesterol by some unknown mechanism 
of dealkylation and ring B modification 
(Levinson, 1960). 


even 


9. Nucleic acids 

Research on ribonucleic acid (RNA) and 
desoxyribonucleic acid (DNA) in insects has 
been very limited, particularly when we con- 
sider the central role of these substances in 
the genetic control of development and in 
protein synthesis. Work so far completed in- 
dicates that these compounds are similar in 
their monomeric composition to the nucleic 


Ethanol- 
amine 


Phospho Alpha 
Phospho- Glycero- 


choline Phosphate ATP 








0.6 Re 17.5 
4.8 9.3 * F 


i 8.6 11.5 
0.6 4.6 9.6 


7 


13.9 


acids of other organisms (Matthews, 1958: 
Wyatt, 1959; Sissakian, 1959). 

In Bombyx during embryogenesis, both 
RNA and DNA increase several-fold during 
the early phases of growth and cell multipli- 
cation (Chino, 1956). During larval life 
there is a reduction of both these compounds 
in relation to body weight, as most of the 
food intake is channeled into nutrient re- 
serves for metamorphosis (Niemierko et al., 
1956). During adult development RNA and 
DNA increase in relation to body weight as 
adult structures form and food reserves 
diminish. Further studies of nucleic acid 
synthesis will be considered in section Clc. 


10. Other phosphate compounds 


Only a minor fraction of the exceptionally 
high phosphate concentration of insect blood 
is inorganic orthophosphate (Heller, cf. 
Wyatt, 1961). When the metabolism of an 
insect is low and is limited by other factors, 
as during diapause, this inorganic phosphate 
may increase in the insect as a whole (Wyatt, 
1959). Most of the organic phosphate is 
acid-soluble, indicating very little phospho- 
lipid or phosphoprotein. Wyatt and his col- 
leagues (cf. Wyatt, 1961) have found that 
the acid-soluble phosphate in cecropia blood 
amounts to 30-40 millimoles (Table 8). 

An interesting aspect of the matter is that 
organic phosphate compounds are present in 
the insect blood at all stages and are not 
adventitious results of histolysis (Wyatt, 
1959). Their role in the blood is not at all 
clear. Heller (cf. Wyatt, 1961) has demon- 
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strated a sharp rise in organic phosphate in 
the blood of Celerio euphorbiae during pupal 
diapause with a corresponding decline at the 
outset of adult development. Carey and 
Wyatt (1960) showed the presence of several 
uridine diphosphate-sugar derivatives in the 
hemolymph of the cecropia silkworm and a 
basic phosphate which may be _ phosphoar- 
ginine. (Phosphoarginine is believed to be 
the high energy reserve source of insects as 
phosphocreatine is in vertebrates.) They 
found 0.01 micromoles of nucleotide/ml in 
the larva, increasing to 0.2 to 0.9 micromoles 
in the diapausing pupa and rising to 1.5 
micromoles in the adult moth.* Their results 
also reveal a sharp rise in the UDP-sugar 
concentration in the wing epidermis, from 
0.8 micromoles per gram in the diapausing 
pupa to about 4.0 micromoles per gram, in 
the initial stages of adult development. This 
is the highest value yet reported in any 
animal tissue for a UDP-sugar derivative. 
Carey and Wyatt believe this may be related 
to the synthesis of glucose, glycogen and 
chitin, a reasonable suggestion inasmuch as 
substances like uridine-diphosphoglucose and 
uridine-N-acetylglucosamine are well-known 
precursors of glycogen, chitin and other poly- 
saccharides in a variety of other organisms 
(Glaser and Brown, 1957; Leloir et al., 
1960). Carey and Wyatt also report the 
absence of adenosine triphosphate (ATP) in 
the blood of cecropia. The ATP that has 
been described in insect tissues appears to be 
identical to that found in vertebrates. 

The occurrence of large amounts of or- 
ganic phosphates in the blood prompted the 
examination of the effect of these compounds 
on the metabolism and metamorphosis of 
several species of silkworm (Blaustein and 
Schneiderman, 1960). A variety of organic 
phosphate compounds were injected into dia- 
pausing pupae and developing adults of S. 
cynthia and the related Callosamia prome- 
thea in doses ranging from 0.1 to 10 mg per 
gm live weight. In most cases the com- 
pounds had no observable effects but in a 





4 The insect loses water during adult develop- 
ment and adult life and this results in some hemo- 
concentration. Hence part of the rise in the 
adult may be more apparent than real. 
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few instances they were curiously toxic. 
Thus purine nucleosides—adenosine, guano- 
sine and xanthosine—were toxic, whereas the 
nucleotides and bases were not toxic. Like- 
wise glucose-6-phosphate and phosphoglyceric 
acid were toxic. The reasons for inhibition 
by such normal metabolites are manifold, 
but they are surely related in part to feed- 
back inhibitions like those demonstrated for 
histidine biosynthesis, where histidine inhibits 
both the first enzyme in the pathway leading 
to histidine as well as the synthesis of histi- 
dine-forming enzymes (cf. review by Maga- 
sanik, 1957). Feedback control of a variety 
of synthetic mechanisms, particularly purine 
biosynthesis, has been demonstrated in ver- 
tebrates and bacteria and similar mechanisms 
doubtless occur in insects. 


11. Inorganic tons 


The blood of phytophagous insects has an 
ionic composition which differs markedly 
from vertebrate blood. Duchateau et al., 
(1953) analyzed the blood of 63 species of 
insects and found a wide range of ionic con- 
centrations. Sodium concentrations ranged 
from 0.6 to 87.8 ion equivalents, potassium 
from 1.6 to 53.4 ion equivalents, calcium 
from 2.6 to 37.6 ion equivalents and magne- 
sium from 3.4 to 73.5 ion equivalents. A 
typical example of the ionic constitution of 
blood of a phytophagous insect, Antheraea 
polyphemus, is presented in Table 9. Car- 
rington and Tenney, (1959) have shown that 
there is about 25 times more potassium than 
sodium in the blood of the polyphemus moth. 
This is in contrast to vertebrate blood where 
the concentration of sodium is greater than 
that of potassium. In addition there is a 
relatively high magnesium and low calcium 


TABLE 9. Ionic concentration of plasma from 
Antherea polyphemus. mEq/iiter. From Carring- 
ton and Tenney, 1959. 








- Ton Pupal Plasma Adult Plasma 





Na 25 = 
K 59.3 54.1 
Mg 73.8 72.0 
Ca 11.6 
H 19.5 
P 35.1 


20.8 
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concentration in this insect’s blood as com- 
pared with vertebrate plasma. 

This abundance of potassium over sodium 
in the blood has led many workers to specu- 
late on the means by which conduction 
occurs in the excitable tissues of insects. For 
an action potential to occur in conducting 
tissue, it is usually necessary for the concen- 
tration of sodium to be greater than that of 
potassium in the external environment of the 
conducting cells. Hoyle, (1953, 1957) and 
Twarog and Roeder (1956) have demon- 
strated a continuous cellular and fibrous 
membrane surrounding the nerves, the peri- 
lemma, which acts as a barrier to the inward 
diffusion of ions. This structure is special- 
ized to ‘protect’ the nerves from high blood 
potassium, but allows exchange of nutritive 
and excretory substances to take place be- 
tween the central nervous system and the 
blood (Wigglesworth, 1959b). Until now 
this ion barrier has only been described in 
nerve tissue. Hagiwara (1953) and Hoyle 


(1957) have shown that muscle contraction 
occurs in high potassium solutions without 
a propagated action potential, presumably 


because of the multiple end-plate arrange- 


ment on insect muscle. 

Since the ionic environment of the tissues 
of many insects is different from that of most 
other organisms, this should have manifold 
biochemical consequences quite apart from 
those related to nerve conduction and muscle 
contraction. Yet these consequences have 
been scarcely studied and we know very 
little about ionic changes during metamor- 
phosis. In one of the very few studies of 
this matter Tobias (1948) discovered a re- 
markable decline in the sodium content of 
the blood and other tissues of Bombyx during 
the larval-pupal molt. He writes that in 
the pupa “there seems to be only very little 
if any sodium in the entire organism” (p. 
146). Since the adult moths do not feed 
they have no more sodium than the pupa. 
Because the larva has a relatively high con- 
centration of sodium, Tobias argues that 
sodium is in some way selectively excreted 
prior to spinning of the cocoon. Although 
more refined methods have disclosed 2.5 
milliequivalents of sodium per liter in the 


pupal blood of polyphemus (Carrington and 
Tenney, 1959) and similar concentrations in 
pupae of the related cynthia silkworm (Gese, 
1950; Gilbert and Novales, 1960) the phe- 
nomenon of “sodium excretion” demands 
further investigation inasmuch as it seems 
to be closely tied up with the metabolic 
events of metamorphosis. 

A final point concerns the role of the 
blood itself in metamorphosis. From the 
foregoing discussion it is evident that from 
the viewpoint of biochemical changes during 
metamorphosis, blood has been the best 
studied insect tissue. The reasons for this 
have been largely technical: one can readily 
obtain this tissue free of other tissue con- 
taminants in large amounts, e.g. a single pupa 
of A. mylitta will yield 5 to 6 ml of blood. 
It has been argued by some that this has 
been an unfortunate choice inasmuch as 
blood varies so much in composition among 
individuals of the same species. Moreover, 
unlike vertebrates who, in the interests of 
providing a suitable environment for their 
brains, have evolved homeostatic mechanisms 
which ensure a constant blood composition, 
insects seem rather indifferent to the com- 
position of their blood. Thus, replacing 
more than 70% of the blood of a polyphe- 
mus pupa by a simple Ringer solution has 
little obvious effect on adult development. 
Notwithstanding this singular capacity to do 
without “real” blood and to tolerate wide 
variations in blood composition, the blood of 
insects ordinarily reflects many of the bio- 
chemical changes going on in other tissues 
and for this reason it will continue to be a 
useful, albeit complicated, tissue to study. 


C. HORMONE ACTION 
1. Mode of action of ecdysone 


From the foregoing it is evident that meta- 
morphosis is a time of profound biochemical 
change. How are these changes related to 
the action of the hormone which initiates 
molting? The present section examines this 
question and considers a number of bio- 
chemical changes besides those discussed 
above, which appear to be closely connected 
with the action of ecdysone. 
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a. Respiration and _ the _ cytochromes. 
Among the most conspicuous events that 
occur during molting and metamorphosis 
are changes in the rate of respiration. In 
Rhodnius, for example, respiration falls im- 
mediately after a larval molt, reaching its 
lowest value during the intermolt (Zwicky 
and Wigglesworth, 1956). When the pro- 
thoracic glands are activated and the insect 
prepares for the next molt and starts to 
secrete a new cuticle, respiration increases 
and reaches a maximum soon after ecdysis. 
Similar respiratory changes occur during the 
larval-pupal-adult transformations of Lepi- 
doptera and are seen to special advantage in 
insects like the cecropia silkworm in which 
the normal brief intermolt period of quies- 
cence is extended into a prolonged pupal 
diapause during which development ceases 
and the prothoracic glands are inactive. 
During this diapause, not only does respira- 
tion fall to extremely low levels (1/50th of 
the prediapause level) (Fig. 9) but respira- 
tion appears to be quite insensitive to carbon 
monoxide, cyanide, and azide which are po- 
tent inhibitors of cytochrome oxidase, the 
principal terminal oxidase of most aerobic 
cells. This fact initially suggested that the 
respiration of the diapausing pupa did not 
involve cytochrome oxidase but some other 
oxidase that was insensitive to CO and cya- 
nide. This conclusion had some special in- 
terest for it raised the possibility that a basic 
difference between dormant and growing cells 
was in the enzyme systems supplying energy 
(Williams, 1951; Schneiderman and Wil- 
liams, 1954). 

More recent studies have revealed that the 
insensitivity of pupal respiration to potent in- 
hibitors of the cytochrome oxidase system is 
due to the fact that many of the pupal tissues 
contain a large excess of cytochrome oxidase 
relative to cytochrome C (Harvey and 
Williams, 1958; Kurland and Schneiderman, 
1959; Shappirio, 1960). Thus even when 
90% or more of the cytochrome oxidase is 
inhibited by CO or CN, the amount remain- 
ing is adequate to serve the needs of respira- 
tion. Convincing evidence to support this 
view comes from experiments like the one 
illustrated in Fig. 10. Here, diapausing 
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pupae were exposed to 2% oxygen, a ma- 
neuver which itself does not affect the 
oxygen uptake, and then exposed to carbon 
monoxide; CO inhibited the respiration by 
50 or 60% indicating the participation of 
cytochrome oxidase. Similarly, injection of 
dinitrophenol caused pupal respiration to be- 
come immediately sensitive to CO (Harvey 
and Shappirio, 1955; Kurland and Schneid- 
erman, 1959). All of these results are con- 
sistent with the view that the pupal tissues 
contain far more cytochrome oxidase than 
cytochrome C, a conclusion which has been 
borne out by direct spectroscopic determina- 
tions of the cytochrome content of individual 
tissues (Shappirio and Williams, 1957; Shap- 
pirio, 1960). The view that emerges is that 
the basic difference in the energy supply sys- 
tems of diapausing and non-diapausing in- 
sects is simply in the amount of particular 
respiratory enzymes present. 

For our present purposes these studies have 
special interest for they tell us that in re- 
sponse to ecdysone, respiratory enzymes not 
only change in their turnover rate, but also 
change in amount, and since these enzymes 
are usually located on mitochondria, it would 
appear that mitochondria change in number 
(and perhaps in enzymatic composition) 
during metamorphosis. Moreover, this in- 
crease in respiration rate occurs coincident- 
ally with the release of ecdysone by the pro- 
thoracic glands and is obviously one of the 
results of hormone action. Further support 
for this view comes from microscopic obser- 
vations of Wigglesworth (1957) on Rhodnius 
and of Shappirio and Williams (1957) on 
cecropia silkworms, both of whom reported 
an increase in the numbers and size of mito- 
chondria after ecdysone had acted. 

A novel consequence of the defective cyto- 
chrome system of diapausing pupae appears 
to be the accumulation of glycerol in the 
blood which we have previously discussed. 
The low level of cytochrome C which 
characterizes diapause causes a build-up of 
DPNH which is reoxidized by alpha glycero- 
phosphate dehydrogenase. As we have seen, 
this enzyme is active in insect tissues. The 
alpha glycerophosphate is apparently de- 
phosphorylated in the tissues to glycerol. 
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Under this analysis, glycerol accumulation is Confirmation of this view comes from recent 
a consequence of the partially anaerobic experiments where glycerol was caused to 
metabolism that characterizes diapause accumulate by depriving pupae of oxygen 
(Chino, 1958; Wyatt and Meyer, 1959): (Wilhelm et al., 1960). 
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FIG. 9. The average rate of oxygen consumption mm? oxygen per gram initial weight per hour; the 
at 25°C of the cecropia silkworm during its life initial weight refers to the weight of each in- 
history (from Schneiderman and Williams, 1953). dividual two to three weeks after pupation. 
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b. Other proteins. Besides changes in 
respiratory enzymes, numerous other proteins 
undergo .changed rates of synthesis during 
metamorphosis. Among the most conspicu- 
ous are the blood proteins. Studies by Telfer 
and Williams (1953) and Laufer (1960), 
described in section B2, have shown that in 
silkworm pupae certain blood proteins in- 
crease tremendously in concentration at the 
outset of adult development. Laufer (1960) 
has shown this to be true for a number of 
tissue proteins as well. 
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FIG. 10. The CO-sensitivity of pupal respiration 
at reduced Os tensions (from Kurland and 
Schneiderman, 1959). The average Oz consump- 
tion of four brainless Promethea pupae whose 
average Oz consumption in air was 33 mm*/gm 
live wt/hr is recorded at each successive Oz 
tension in the O2z-Nz mixtures. Similarly the 
average Oz consumption of five other pupae, whose 
average Oe consumption in air was 27 mm*/gm 
live wt/hr is recorded at each Oz tension in the 
O2-CO-Nz mixtures. The rate of respiration in 
each gas mixture is expressed as per cent of basal 
rate in air. The CO/Oz ratio was kept constant 
at 19:1 by adding appropriate amounts of Ne to 
the O2-CO mixture. The right-hand vertical axis 
records the per cent of CO-insensitive respiration. 
Oxygen consumption decreased at tensions below 
2% and this so complicated measurements of CO 
inhibition that values for Oz tensions below 2% 
could not be calculated. The average weight of 
the pupae was 2 grams. 
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c. Nucleic acids. From these results it ap- 
pears that ecdysone sets in motion the syn- 
thesis of numerous proteins, among which 
are the cytochromes and other blood and 
tissue proteins. Most biochemists believe that 
protein synthesis is intimately connected with 
the synthesis of RNA, and that RNA partici- 
pates directly in protein synthesis. One 
would anticipate then, that the changes in 
numerous proteins at the time of metamor- 
phosis which have just been described might 
be consequences of changes in RNA metab- 
clism. According to this view, changes in 
RNA metabolism are closer to the site of 
ecdysone action than are changes in the syn- 
thesis of proteins themselves. Support for 
this idea first came from the cytological 
studies of Wigglesworth (1957) who showed 
that within a few hours after injecting ecdy- 
sone into Rhodnius larvae, the nucleoli in 
the epidermal cells began to enlarge and 
cytoplasmic RNA increased in amount. 
These findings coupled with a contemporary 
biochemical climate, which is strongly ori- 
ented toward the nucleic acids, encouraged 
an increasing attention to nucleic acid me- 
tabolism during metamorphosis. 

A variety of approaches have been made 
in studying nucleic acid metabolism during 
metamorphosis. One approach has been to 
examine the effects of various purine and 
pyrimidine analogues on developmental proc- 
esses. These experiments revealed that 
several analogues of uracil, especially 6- 
hydroxy uracil (barbituric acid), caused spe- 
cific morphogenetic effects in developing 
silkworms. Notably they prevented the 
normal development of scales in the epider- 
mis and interfered with the secretion of 
enzymes into the molting fluid. Surprisingly 
they had little effect on the rest of the insect 
(Blaustein and Schneiderman, 1958, 1960). 
Further studies (Blaustein and Schneider- 
man, 1959) with C'-labeled barbituric acid 
showed that, unlike various abnormal bases 
which may be incorporated into the RNA’s 
of various organisms like bacteria and ver- 
tebrates, none of the barbituric acid was in- 
corporated into the insect’s RNA. However 
the barbituric acid markedly depressed the 
total RNA content of the epidermis, suggest- 
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ing that it interfered with RNA synthesis. 
Further support for this view came from the 
finding that injection of ribonuclease caused 
abnormalities of the epidermis strikingly simi- 
lar to those produced by barbituric acid 
(Blaustein and Schneiderman, 1959). The 
substances that inhibited RNA synthesis in 
these silkworms (6-substituted pyrimidines) 
were rather different in structure from agents 
which inhibit RNA synthesis in higher 
animals (5-substituted pyrimidines) , suggest- 
ing that there may be significant differences 
in the RNA metabolism of the two groups. 
These differences do not appear to reside in 
the sorts of bases that make up the RNA, for 
Wyatt (1959) and others (Matthews, 1958; 
Blaustein and Schneiderman, 1959) have 
shown that the main constitutents of insect 
RNA are the four usual bases plus a trace 
of 2-methyladenine (Wyatt, 1959). 

More illuminating than the _ inhibitor 
studies, have been the recent tracer studies 
of Wyatt (1959) on RNA synthesis during 
diapause and development. Wyatt studied 


the incorporation of P®* into the wings of 
diapausing and developing silkmoths. As we 


noted previously there was a significant rise 
in the RNA/DNA ratio about the time of 
the initiation of adult development, i.e., at 
the time when ecdysone acts, and he con- 
cluded that this indicated a synthesis of RNA 
prior to DNA. He then compared the P** 
incorporation into RNA, 0-4 hours after in- 
jection of tracer and 4-24 hours after in- 
jection of tracer at different stages of de- 
velopment. At any given developmental 
stage the rate of incorporation was different 
during these two periods. Wyatt argued that 
the 0-4 hour incorporation, which was always 
slower, represented “the period during which 
the precursors of RNA are building up to a 
maximal specific activity, and the subsequent 
(4-24 hour) linear phase, the period in which 
incorporation is limited by the rate of syn- 
thesis of RNA itself” (p. 176). He then 
showed that the rate of 0-4 hour incorpora- 
tion reached a maximum earlier in develop- 
ment than the 4-24 hour incorporation, and 
concluded that “It is reasonable to suppose 
that the earliest detectable changes will be 
the most closely related to the action of the 


growth hormone, ecdysone. Thus, if we are 
correct in the assumption that the short-time 
incorporation is limited by factors affecting 
uptake of phosphate into RNA precursors, 
and the later. incorporation mainly by the 
rate of synthesis of RNA itself, it seems a 
reasonable inference that the growth hormone 
influences certain steps involved in the pro- 
duction of nucleotides more directly than it 
affects their assembly into RNA” (p. 177). 

d. Effects of injury. There seems little 
doubt from these several studies that the in- 
creases in RNA and in various proteins are 
closely related to development and thus to 
the action of ecdysone. Yet strangely enough, 
many of these changes can be provoked with- 
out ecdysone. The trick is to injure the in- 
sect. In Rhodnius for example, injury to 
the integument provokes changes in the epi- 
dermal cells such as increased basophilia 
(i.e., RNA synthesis), which are essentially 
identical with those produced by ecdysone, 
except that the insect does not develop 
(Wigglesworth, 1937, 1957). In cecropia, 
when a pupa is injured by excising a piece of 
its integument, respiration increases (Schneid- 
erman and Williams, 1953), cytochromes are 
synthesized (Kurland and Schneiderman, 
1959; Shappirio, 1960), certain blood (Tel- 
fer and Williams, 1955) and tissue proteins 
(Laufer, 1960) are resynthesized, DNA syn- 
thesis occurs (Davis and Schneiderman, 
1960) and also RNA synthesis (Wyatt, 1959) 
in tissues far removed from the site of in- 
jury. Indeed, injury provokes virtually all 
of the known biochemical changes that are 
normally associated with the initiation of de- 
velopment or with the injection of ecdysone, 
except development itself. Moreover, these 
changes caused by injury cannot involve 
ecdysone since they occur in isolated ab- 
domens (Schneiderman and Williams, 1954). 
Hence although the observed changes in the 
cytochromes, blood proteins, DNA and RNA 
accompany development and indeed are 
necessary for development, they are not suf- 
ficient for development. Ecdysone in some 
way initiates reactions that are both necessary 
and sufficient for development. Where might 
these changes take place? 

e. Nuclear effects. Perhaps ecdysone acts 
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on the genes themselves? Now, it has long 
been assumed that there is no uniformity of 
activity of the genes of an organism either in 
different tissues or at different developmental 
stages. Thus one might expect different 
genic activity in an epidermal cell of a dia- 
pausing pupa and in the same cell engaged 
in adult syntheses. Experimental support for 
this opinion comes from recent studies of 
Beermann and others who have described 
characteristic puffs or swellings in certain 
regions of the giant chromosomes in the 
salivary glands of developing Diptera as well 
as differences in giant chromosome morphol- 
ogy in different tissues (Beermann, 1952a, b; 
Breuer and Pavan, 1954, 1955; Kroeger, 
1960). ‘These chromosomal puffs appear to 
indicate enhanced metabolic activity in par- 
ticular chromosomal regions (Pavan, 1959). 
These observations suggest that the changing 
biochemical activities of insect cells during 
development may be caused by the differen- 
tial activation or suppression of different sets 
of genes (Beermann, 1958). Since ecdysone 


initiates the postembryonic growth and de- 
velopment of insects, one is led to the view 


that ecdysone may have as its principal target 
the nucleus itself, where it activates particu- 
lar chromosomal regions and brings about 
“the elaboration of specific substances 
(RNA?) that are destined to participate per- 
sonally in the cytoplasmic syntheses that 
characterize growth and molting” (Schneid- 
erman and Gilbert, 1959, p. 167). 

Very recently Clever and Karlson (1960) 
have provided some direct evidence to sup- 
port this conjecture. They have shown that 
injections of pure ecdysone into Chironomus 
larvae caused prompt and _ characteristic 
changes in the puffing pattern of the chromo- 
somes, changes identical to those that occur 
at pupation! Here, ecdysone clearly seems 
to have as its target the nucleus itself. The 
suggestion that a hormone may act at the 
nuclear level is admittedly unorthodox. But 
recent experiments have provided such con- 
vincing proof that the nucleus participates 
actively not only in reproduction but in the 
“everyday housekeeping” of cells, that the 
nucleus looks like a strategic place for a hor- 
mone to act. Experiments are now in 
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progress in several laboratories to provide 
further tests of this hypothesis. 

f. Effects on Protozoa.- An astonishing 
effect of ecdysone has recently been reported 
by Cleveland et al., (1960) who discovered 
that ecdysone is responsible for gametogene- 
sis in certain flagellate protozoans that are 
internal parasites of the woodroach, Crypto- 
cercus. ‘This finding culminates many years 
of intensive investigation of the protozoan 
fauna of this insect. One may ask whether 
the action of ecdysone is directly on the 
protozoa, or indirectly through metabolic 
changes in the host prior to the molt. No 
experiments have been reported on the effect 
of crystalline ecdysone on these protozoa in 
pure culture, but Cleveland et al., state “the 
fact that some genera of the flagellates react 
in a remarkably short time and undergo 
gametogenesis within three hours may best 
be explained by a direct action of the hor- 
mone on the protozoa, The fact that ecdy- 
sone induces gametogenesis in the flagellates 
of an adult host which, so far as one can 
see, makes no attempt whatever at molting 
also suggests the possibility of direct action” 
(p. 239). Thus Cleveland argues persua- 
sively that this insect hormone has been in 
effect “captured” by the protozoa and turned 
to their own ends. He suggests that his 
results may bear on a problem that has long 
been debated by insect physiologists, namely 
whether the hormone of the . prothoracic 
glands is truly a “growth and differentiation” 
hormone. In this connection he writes “an- 
other point which should not be overlooked 
in considering the action of ecdysone on the 
flagellates of Cryptocercus is that it unques- 
tionably acts both as a growth and differen- 
tiation hormone” (p. 239). 

It is interesting that ecdysone, which is 
often referred to as the “growth and differ- 
entiation” hormone of insects, has not yet 
been shown to promote differentiation .in any 
insect, although at least one experiment has 
tested this point. Thus Liischer and Karlson 
(1958) found that termite nymphs which 
were induced to molt by injecting or feed- 
ing ecdysone, molted, without growth, into 
nymphs and _ pseudergates. The molted 
nymphs showed no signs of progress toward 
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FIG. 11. A, part of thoracic gland in unfed 5th- 
stage larva of Rhodnius showing a few hemocytes; 
the gland is inactive. B, the same in 5th-stage 
larva at 10 days after feeding, showing increased 
numbers of hemocytes; the gland is active. C, the 
same in adult Rhodnius one day after molting, 
showing numerous hemocytes around the disin- 
tegrating nuclei; the gland is degenerating. (From 
Wigglesworth, 1959a). 


adult differentiation and no supplementary 
reproductives were produced. In these ex- 
periments, at least, ecdysone did not promote 
growth and differentiation. The question is 
still open. 


2. Mode of action of brain hormone 


Little is known of the way in which brain 
hormone interacts with the prothoracic 
glands. However, the brain is needed for 
several days in order to ensure full activity of 
the prothoracic glands (Williams, 1952; 
Wigglesworth, 1952, 1957). In the blood 
sucking bug Rhodnius prolixus, for example, 
under the prolonged action of brain hormone, 
the prothoracic glands change profoundly in 
appearance (Fig. 11). The nuclei become 
greatly enlarged and lobulated and the cyto- 
plasm deeply staining (Wigglesworth, 
1959a). This sort of observation needs to be 
extended to other groups, but it certainly 
argues that the brain hormone needs “‘to act 
for a considerable period of time” (Wiggles- 
worth, 1959a, p. 51), and is “not exerting a 
simple ‘triggering’ effect on the prothoracic 
glands” (Wigglesworth, 1957, p. 208). It 
is possible that the hemocytes may play some 
role in the interaction between brain and 
prothoracic glands since interference with 
the function of the hemocytes invariably pre- 
vents the prothoracic glands from secreting 
(Wigglesworth, 1955; Gilbert, 1957). Pre- 
ciseiy what the brain hormone does remains 
obscure. 


In the discussions up to this point we have 
adopted the common convention of insect 
physiologists and used the term ‘brain hor- 
mone’ to designate the prothoracic gland- 
stimulating agent or ‘prothoracotropic hor- 
mone’. This should not obscure the fact that 
a number of neurosecretory substances are 
produced by the brain (cf. Van der Kloot, 
1960), and it seems likely that only one of 
these stimulates the prothoracic glands, and 
that others have different functions. In short 
there are almost certainly several ‘brain 
hormones’. Hence brain removal or extirpa- 
tion of neurosecretory cells may have effects 
that are not a consequence of deprivation of 
the ‘prothoracotropic hormone’ but of some 
other agent. To take one example: When 
Calliphora females are deprived of neuro- 
secretory cells, they fail to develop fully their 
ovaries, accessory glands, corpora allata and 
oenocytes (Thomsen, 1952). This suggested 
that the neurosecretory cells produce an 
agent which in some way influenced protein 
synthesis. Further support for this view comes 
from the discovery (Thomsen and Moller 
1959) that neurosecretory cells of the brain 
influence the synthesis of proteinases in the 
gut. The midgut of normal files and operated 
controls had a much higher proteinase ac- 
tivity than flies deprived of neurosecretory 
cells. As a result the experimental flies had 
an abnormal protein catabolism. Inasmuch 
as proteinases are themselves proteins, ex- 
tirpation of the neurosecretory cells inter- 
fered with protein synthesis as well. 


3. Mode of action of juvenile hormone 


Most investigations of the mode of action 
of the juvenile hormone (jH) have examined 
the effects of allatectomy or of implanting 


additional corpora allata. But since the 
corpora allata, like the brain, may secrete 
more than one hormone, such experiments 
may not illuminate the action of JH, but 
may reflect the result of adding or depriving 
the animal of other hormones. This un- 
certainty naturally divides experiments into 
two , categories: (a) surgical experiments 
where corpora allata are extirpated or im- 
planted; (b) experiments with extracts of 
JH where effects can reasonably be attributed 
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to JH. Unfortunately, few experiments have 
been performed with extracts. By contrast 
numerous surgical experiments have been 
performed and some have yielded spectacular 
results. Inasmuch as the surgical effects are 
caused by the presence or absence of humoral 
agents produced by the corpora allata they 
are worthy of critical discussion even though 
one cannot be sure in many cases whether 
one of the humoral agents is the juvenile hor- 
mone itself. In discussing these surgical 
experiments we have used the unambiguous 
term ‘a corpus allatum hormone’ even though 
the original authors may have used the term 
‘juvenile hormone’. 

a. Surgical experiments. From studies of 
the effects of extirpating and implanting 
corpora allata it has-been frequently sug- 
gested that JH is some sort of a ‘metabolic 
hormone’ (cf. review by Novak, 1959). Yet, 
in an extensive discussion of this matter 
Pflugfelder (1958) concluded that there is 
no good evidence for such an assertion, and 
we would agree. However, there is no doubt 


but that some hormone(s) produced by the 
corpora allata have profound effects on 


metabolism. In his fundamental study of 
this matter, Pflugfelder (1937, 1938) found 
that allatectomy of first or second instar 
larvae of the stick insect Dixippus had pro- 
found action on tissue growth. He found: 
(1) degeneration of the fat body as seen 
by vacuolar cytoplasm and hemocyte inva- 
sion; (2) degeneration of the nerve cord 
sheath which ultimately paralyzed the ani- 
mal; (3) degeneration of the Malpighian 
tubules in 75% of the animals; (4) blood 
cell proliferation; (5) proliferation of the 
transverse, striated muscles; (6) prolifera- 
tion of epithelium of the head apodemes; 
(7) “cancerous-like tumors” appearing in the 
gut and oviducts. These changes were cor- 
rected by implantation of active corpora 
allata. Embryonic tissue grew abnormally 
when implanted into these allatectomized 
nymphs but grew normally when placed in 
normal nymphs. These results suggest a 
major control of metabolism in these young 
nymphs by some secretion of the corpora 
allata. 

Wigglesworth (1936) noted that during 
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egg development of Rhodnius (which is under 
control of the corpora allata) there was en- 
hanced digestion of the intestinal contents 
and suggested that this might be one of the 
actions of corpus allatum hormone. (One 
wonders if these findings are related to those 
of Thomsen and Méller described above?) 

Pfeiffer in an elegant series of investiga- 
tions (1939-1945) studied the role of the 
corpora allata in the egg development of the 
grasshopper Melanoplus differentialis. She 
reported: (1) In normal females the early 
period of egg development up to yolk deposi- 
tion was characterized by a rapid rise in 
fatty acid content, hypertrophy of the fat 
body due to rapid fat storage and a moderate 
increase in blood volume. The onset of 
oviducal secretion and yolk production was 
correlated with a change in metabolic condi- 
tions characterized by cessation of fatty acid 
increase and fat body hypertrophy. These 
changes were not caused by the ovaries since 
they occurred after castration. (2) Al- 
latectomizing young adults (either normal or 
castrated) prevented these metabolic changes, 
and fatty acid content continued to rise at 
rates similar to those encountered during the 
early period of egg development in normal 
animals. The fat body also continued to 
hypertrophy. (3) She suggested that the 
corpora allata affected fat metabolism in 
two ways: (a) by inducing the utilization of 
stored fat by a process independent of the 
ovaries, and (b) by facilitating the produc- 
tion of yolk, a process which is related to fat 
metabolism. (4) Castrated females contained 
large volumes of blood which distended their 
abdomens—apparently from increases in 
water and solid matter. This was a result of 
the action of the corpora allata and did not 
occur in allatectomized castrated animals. 
(5) She concluded that the corpora allata 
control egg production principally through 
the agency of a metabolic hormone, and that 
the primary function of this hormone is to 
mobilize materials necessary for egg growth. 

Bodenstein (1953) has also shown that 
allatectomy in the roach causes an increase 
in fat storage in the fat body. Wigglesworth 
(cf. 1954) suggested that the precursor ma- 
terials for yolk are protein and that the de- 
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ficiency of yolk deposition in allatectomized 
female Rhodnius is due to a decreased pro- 
duction of protein. 

L’Helias (1953a, 1953b, 1956) working 
with Dixippus found an increased fat content 
in allatectomized adults. In these animals the 
synthesis of new nitrogenous material took 
place very slowly and the total amount of 
nitrogenous compounds remained rather con- 
stant. However, there was a decrease in the 
amount of protein and a corresponding in- 
crease in the free amino acids of the tissues. 
It thus appears that allatectomized animals 
were unable to synthesize protein. She as- 
serts that a corpus allatum hormone favors 
the synthesis of proteins and in this way 
enhances the growth of tissues. Evidence is 
presented that glycogen is not utilized by the 
allatectomized animals and she concludes 
that a corpus allatum hormone plays an 
essential role in the early phases of glucose 
metabolism. Since there appears to be a 
large accumulation of organic phosphate in 
allatectomized animals, she suggests that 


phosphorylases are the enzymes affected. Ac- 
cording to L’Helias, allatectomy deprives the 


insect of the carbohydrate energy sources 
needed for synthesis and growth. She reports 
also that allatectomy caused an increase in 
alkaline phosphatase in many tissues and 
also resulted in a diminution of RNA. She 
deduces from this a role for a corpus allatum 
hormone in protein synthesis. 

Evidence for the influence of the corpora 
allata on respiratory rate is meager, but 
Thomsen (1949) has reported that al- 
latectomizing Calliphora adults decreased 
their oxygen consumption by 24%. More- 
over, by implanting three female corpora 
allata she was able to raise the oxygen con- 
sumption of these allatectomized females by 
19%. Data on allatectomy of males were 
insufficient for statistical analysis, but she 
suggested that implantation of additional 
corpora allata into males did not increase 
their oxygen uptake. Thomsen concludes 
that the decreased oxygen uptake of al- 
latectomized females is either a direct result 
of the absence of a corpus allatum hormone, 
or due to an inhibition of ovarian growth. 
Since sperm production does not depend on 


the corpus allatum, one would not expect 
allatectomy to affect the metabolic rate of 
the males. More recently, Thomsen and 
Hamburger (1955) have found that castra- 
tion has no effect on oxygen consumption of 
the female indicating that the decreased 
oxygen consumption of allatectomized fe- 
males was due to the removal of a “metabolic 
hormone” from the animal, and not to 
decreased ovarian development. She cor- 
roborated the fact that castrated females have 
hypertrophied fat bodies and corpora allata. 

DeWilde and Stegwee (1958) obtained 
similar results in the allatectomized Colorado 
beetle Leptinotarsa decemlineata. They too 
found significantly lower rates of oxygen 
uptake in allatectomized females as com- 
pared to operated controls. Measurements 
of homogenates of female beetles with and 
without active corpora allata indicated a sig- 
nificant rise in oxygen consumption in homo- 
genates containing corpora allata. Accord- 
ing to these workers, in Leptinotarsa “the 
effect of the corpora allata on oxygen con- 
sumption seems to be beyond doubt” (p. 
287). 

Further evidence for a role of the corpora 
allata in protein metabolism comes from re- 
cent experiments of Wang and Dixon (1960) 
on Periplaneta. They found a decrease in 
transaminase activity in muscle from al- 
latectomized adult female roaches and 
nymphs, and a smaller but significant effect 
in allatectomized males. Their data indi- 
cate that the corpora allata play a vital role 
in amino acid metabolism of the roach at all 
stages and in both sexes. They suggest that 
the regulation of amino acid metabolism, 
particularly transamination, is a direct in- 
fluence which the corpora allata exert at all 
stages, being most obvious where protein syn- 
thesis is greatest, namely in females and 
nymphs. 

From the above, it seems established that 
the corpora allata are intimately involved 
in various phases of metabolism of proteins 
and lipids. Whether the active substance is 
JH per se or some other agent elaborated by 
the corpora allata is a matter which may not 
be settled until JH is finally isolated and 
chemically characterized. 
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FIG. 12. Effect of juvenile hormone extracts on 
the respiration of previously-chilled pupae of H. 
cecropia. Pupae were injected five days after re- 
moval from low temperature with 150 mm* of 
extract or peanut oil. Strong extract was from 


b. Experiments with juvenile hormone ex- 
tracts. There have been only few studies of 
the effects of juvenile hormone extracts. Fig. 
12 summarizes a typical experiment in which 
JH extracts were injected into previously- 
chilled cecropia pupae about to initiate adult 
development. The experiment reveals that 
(a) JH extracts stimulated respiration above 
that of controls injected with peanut oil; 
(b) the increase was greatest with more 
potent JH extracts; (c) maximum Oz, uptake 
occurred at the point at which molting fluid 
was at its maximum; (d) JH-treated animals 
never developed a respiration as great as 
that of normal adults. Does this stimulation 
of respiration by JH extracts reflect a true 
action of JH on the tissues themselves or 
some indirect action? Most JH extracts con- 
tain an agent which stimulates the pro- 
thoracic glands to secrete ecdysone and so 
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Samia cynthia, whereas weak extract was from 
Rothschildia orizaba. The strong extract resulted 
in a pupal-adult intermediate, whereas the weak 
extract led to an adult with a pupal thorax. (From 
Gilbert, unpublished observations). 


provokes precocious molting (Williams, 1959; 
Gilbert and Schneiderman, 1959b). Hence, 
the stimulation of respiration evident in Fig. 
12 might be due to the action of ecdysone 
and not of JH. Support for this view comes 
from experiments in which JH extracts were 
injected into isolated pupal and adult 
abdomens of cynthia which are devoid of 
prothoracic glands. These JH extracts had 
about the same effect as injections of peanut 
oil or cod liver oil. Hence it seems likely that 
in the experiments recorded in Fig. 12 the 
stimulation of respiration was due to the 
action of ecdysone and not to JH. 

This kind of explanation, however, can- 
not account for the results of deWilde and 
Stegwee (1958; deWilde, 1960; Stegwee, 
1960), who showed that injection of JH ex- 
tracts from cecropia abdomens into allatecto- 
mized female Colorado beetles caused a 
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temporary stimulation of respiration. (Per- 
haps this was due to injury metabolism?) 
They also report that very small amounts of 
JH extract from cecropia stimulate respira- 
tion of homogenates of diapausing adult 
Colorado beetles. In particular, the extracts 
seemed to stimulate succinate oxidation and 
the authors suggest that the site of stimula- 
tion is in a part of the respiratory chain be- 
tween succinate and cytochrome C. Con- 
firmation and extension of this study is 
eagerly awaited. 

Larsen and Bodenstein (1959) have re- 
ported that ‘juvenile hormone extracts’ from 
cockroaches had gonadotropic activity and 
stimulated ovarian development in several 
anautogenous mosquitoes. They suggest 
that “the ovarian development of anauto- 
genous mosquitoes provides a sensitive and 
simple method for the bioassay of the juvenile 
hormone” (p. 367). Although their ether 
extracts of roaches were termed ‘juvenile 
hormone extracts’ no evidence was offered to 
show that the extracts prevented the larval 
tissue of any insect from assuming its adult 
aspect. In our experience and that of 
Wigglesworth (1958), extracts of cock- 
roaches at all stages appear to have very 
little JH activity. Hence JH may not be 
the constituent of these extracts that stimu- 
lated ovarian growth.°® 

Histological studies (Gilbert and Schneid- 
erman, 1960) have shown that after ex- 
posure to JH, pupal epidermal cells grew 
far larger than normal epidermal cells of 
pupa or adult. Whether this is due to poly- 
ploidy or reflects enhanced synthetic activity 
remains to be seen. These histological 
studies also confirmed the conclusions of 





5 Furthermore, these authors injected mineral 
oil in control experiments rather than some meta- 
bolizable oil like peanut oil. The possible nutritive 
role of the insect oil itself cannot be excluded. In- 
deed, in our experience, injections of any meta- 
bolizable oil, like peanut oil or insect oil, will 
stimulate the ovarian development of “pseu- 


doallatectomized” (by starvation) milkweed bugs. 
The role of lipid nutrients in mosquitoes is seen 
in experiments of Yeoli and Mer (1938), who 
showed that the lipid-rich stroma of red blood cells 
contains some constituent necessary for the develop- 
ment of eggs in Anopheles. 


Wigglesworth (1958) that JH acts directly 
on its target cells. For when JH extracts 
were applied locally, they acted primarily on 
the cells to which they were applied and did 
not have a systemic effect. The period of 
sensitivity to JH extracts was often very brief. 
Thus pupae of Galleria and Tenebrio were 
maximally sensitive only for a period of 
about eight hours at 25°C. 

Inasmuch as JH acts to modify events 
initiated by ecdysone it may have a similar 
site of action. If the experiments described 
in Section Cle are confirmed and extended, 
this site may be the nucleus. Perhaps juve- 
nile hormone acts on the nucleus to influence 
the metabolism of the chromosomes and so 
affects synthesis. Evidence to support this 
conjecture comes from experiments on 
chromosome differentation during metamor- 
phosis to which we have already alluded (cf. 
symposium edited by Waddington, 1959). 
These studies indicate that the larval-pupal 
transformation in Chironomus and Rhyn- 
chosciara are accompanied by the appearance 
of new puffs in certain chromosomal loci 
and the disappearance of other puffs. Thus, 
secretion of ecdysone and simultaneous with- 
drawal of juvenile hormone leads to an 
altered chromosome metabolism. Whether 
or not these changes are direct results of 
hormones, of course, remains to be seen. 
But it is undeniably an attractive notion that 
these hormones which so markedly influence 
development may do so by acting directly on 
the ultimate source of virtually all of the 
cell’s synthetic machinery—the chromosomes 
and genes. 
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INSECT METAMORPHOSIS AND THE ACTIVATION HORMONE 
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As a result of numerous experiments in 
the field of insect endocrinology, there has 
developed recently the generally accepted 
concept of the role of hormones in the in- 
itiation of larval molting, pupation, and 
imaginal molting. Three hormones are in- 
volved in these processes: the activation hor- 
mone; the molting—or pupation—hormone; 
the juvenile hormone. The activation hor- 
mone is of special interest because of its 
significance as a dominating hormone. It is 
a product of the neurosecretory cells, and 
therefore must be classed as a neurohor- 
mone. In this connection, we must con- 
sider that, in contrast to the opinion which 
was predominant for some time, the neuro- 
secretory cells in insects do not occur only 
in the pars intercerebralis of the protocere- 
brum, but also in the ganglia of the ventral 
nerve cord, (Gersch, 1957). Recent morpho- 
logical and physiological results indicate 
that the entire central nervous system of in- 
sects must be regarded as a functional unit 
of the endocrine system. Up to now, there 
are no indications that the neurosecretory 
cells of certain ganglia of the ventral chain 
take part in the regulation of metamorpho- 
sis. But, Fukuda (1952) has shown that 
the hormonal factor originating in the 
subesophageal ganglion is responsible for the 
regulation of diapause. 


ISOLATION OF NEUROHORMONES 


It has been possible to isolate hormonal 
factors from the central nervous system of 
Periplaneta americana and to prepare them 
in a crystalline form (Gersch, Fischer, 
Unger, and Koch, 1960). They have been 
examined so far only by a special! physio- 
logical color-change test and by a heart test 
using insects. Since these substances (refer- 
red to as neurohormone C and neurohor- 
mone D) can also be obtained from the 


cerebrum, the question arises whether one 
of them is the activation hormone which is 
responsible for the starting of metamorpho- 
sis. 


(93) 


Some facts should be reviewed concerning 
the neurohormones obtained from Periplaneta 
americana and their isolation and prepara- 
tion in a crystalline form. After having found 
in earlier experiments that active factors with 
hormonal effects exist in different parts of 
the central nervous system, i.e. in the cere- 
brum, the corpora cardiaca, in the subeso- 
phageal ganglion, and in the ganglia of the 
ventral chain, in subsequent experiments we 
always regarded the entire central nervous 
system as the object of our biochemical in- 
vestigations. In an initial experiment, neuro- 
hormone D could be isolated and obtained 
in a quite pure form (Gersch, Unger, and 
Fischer, 1957). In a second series of experi- 
ments, the nervous system of 3200 Peripla- 
neta americana were prepared, subjected to 
a freeze-drying process, and then extracted by 
different solvents. Biological tests proved that 
the greater part of the active substances had 
gone into the water extract. Alcohol-extracts 
and water-extracts behaved comparably, so 
that they could be treated similarly. Purifica- 
tion of the two extracts began with paper 
chromatographic separation. By this method 
the two new neurohormones C and D, de- 
fined by their specific R;-values and their 
characteristic mode of operation, have been 
separated. The existence of these two neuro- 
hormones had been established earlier by 
Unger (1957) for Periplaneta and by Gersch 
and Unger (1957) for Caraustus. The solu- 
tion of neurohormone D, obtained in this 
manner was made protein-free as completely 
as possible by repeated precipitation with 
alcohol. By crystallization from water-alcohol, 
50y of a crystalline substance was obtained 
(Fig. la). By virtue of the separation process 
employed and the biologic activity, the ma- 
terial could be identified as neurohormone D. 
The purified substance is very slowly soluble 
in water, hardly soluble in alcohol and in- 
soluble in organic solvents. In _ un- 
purified form, contaminated with poly- 
peptides, it is readily soluble in water. The 
IR-spectrum indicates peptide arrangements 
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FIG. 1. a: Crystals of neurohormone D1, isolated 
from the nervous system of Periplaneta americana. 


in spite of some ill-defined patterns. How- 
ever, evidence of pterin systems is not avail- 
able. Similarly, the other active factor, pre- 
viously separated by paper chromatography 
could be analysed. This active factor cor- 
responds to the neurohormone C. It has been 
obtained in purified form (Fig. 1b). In ether- 
acetate-extracts, there are two additional re- 
ducing substances, the R;-values of which 
correspond in various solvents to those of the 
neurohormones C and D, but differ in other 
solvents. They also behave differently in bio- 
logical tests. From these findings, it appears 
that in the nervous system of Periplaneta 
americana, there are four factors with hor- 
monal effects. After separation by sequential 
water and ether-acetate extraction, they can 
be characterized by paper chromatographic 
means. The neurohormones C; and D, on 
the one hand, and the neurohormones Coe 
and D2 on the other hand, must be regarded 
as antagonists. 

After it was shown that the neurohormone 
D, is located in the region of the pars inter- 


b: Crystals of neurohormone C1. 


cerebralis of the protocerebrum and that neu- 
rohormone C, is located in the deuto-trito- 
cerebral region (Mothes, 1960), and that 
they only occur in the nervous system, in 
the cerebral glands, and in the haemolymph, 
the influence of the isolated factors on the 
processes of metamorphosis was studied. The 
main consideration was whether one of these 
factors is related to the activation hormone 
of the neurosecretory cells in the cerebrum. 


IN JECTION-EXPERIMENTS 


Extracts from brain and ring gland in 
“Calliphora test”. The experimental work, 
done mainly by Berger, utilized a Calliphora 
test designed by Becker and Plagge (1939). 
Our experiments with the Calliphora test 
confirmed the results of Possompés (1950, 
1958), which had been obtained with per- 
manent larvae. When ring gland and cere- 
brum with their normal neural associations 
from larvae immediately before the critical 
period are implanted into isolated back parts, 
a puparium formation could be observed. 
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FIG. 2. Injection of Ringer’s solution extract of 


brain from Periplaneta americana into\ half-larvae - 


of Calliphora, concurrent with implantation of un- 
ripe ring-gland. 


In Figs. 2-5, sketches of organs in black indicate 
that they were taken from larvae of the critical 
period (ripe). Those sketched in outline are 
from larvae before the critical period (unripe). 
The bars represent the total number of half-larvae 
used in the various tests. The black area indi- 
cates the proportion that showed puparium forma- 
tion; the striped region represents the proportion 
that partially pupated; and the white area is an 
indication of the proportion that failed to respond. 


This did not happen when the nervous con- 
nection between cerebrum and ring gland 
had been interrupted before the implanta- 
tion. For a more detailed characterization 
of the cerebral factor, experiments with ex- 
tracts were carried out. These extracts were 
injected into the isolated back parts of partly 
pupated larvae. Cerebral ganglion extracts 
from larvae in the critical period were in- 
jected into fifty half larvae. At the same time 
unripe ring glands from larvae of the third 
stage were implanted before the critical 
period. It was observed that 20 of the in- 
jected half larvae pupated totally and 9 
pupated partly (Fig. 2). The same results 
were obtained when the cerebral ganglion 
was extracted with ethanol (Fig 3). The 
effect was noted also when only the pars 
intercerebralis was used for extracts. Injec- 
tion of similar extracts and implantation of 
ring glands caused puparium formation in 
isolated back parts. This was achieved, also, 
by injecting extracts of the corpora cardiaca 
portion of the ring gland and simultaneous 
implantation of a young ring gland. Further- 
more, an analysis was made of the activity 
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of extracts of the ring gland and of its differ- 
ent regions. For this purpose, ring glands of 
larvae in the critical period were extracted 
with Ringer solution, ethanol and butanol: 


INJECTION OF RING GLAND EXTRACTS 











Number of Totally Half- 
larvae pupated pupated Solvent 
75 6 26 Ringer 
35 8 21 ethanol 
116 26 80 butanol 





All extracts caused puparium formation with 
partial pupation occurring most frequently 
(Fig. 4). Likewise, puparium formation re- 
sulted after injection of extracts of the peri- 
tracheal regions of the ring gland. However, 
extracts of the central part of the ring gland, 
which corresponds to the corpora allata, did 
not cause pupation. This result is completely 
in accordance with the implantation experi- 
ments using this part of the gland. 

From these various experiments, it may 
be concluded that extracts of the cerebrum 
contain the activation hormone, and extracts 
of mature ring glands contain the molting 
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FIG. 3. Same as Fig. 2, using ethanol extract of 
brain. 
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FIG. 4. Injection of extract of ring-gland from 
ripe larvae of Periplaneta americana into Calli- 
phora half-larvae. 


hormone and that these extracts can cause 
puparium formation. The injection experi- 
ments with extracts show that the nervous 
connection between the neurosecretory cells 
of the cerebrum and the ring gland is not 
an absolute necessity for stimulation of the 
peritracheal glands. The stimulation is 
achieved by hormonal means. The activa- 
tion hormone is soluble in both Ringer solu- 
tion and ethanol. It is heat-proof. 

Why the implantation of cerebrum from 
Calliphora larvae after the critical period, 
together with ring gland from larvae before 
the critical period, does not produce a 
puparium, remains unexplained by these ex- 
periments. This result appears incompre- 
hensible, since the activation hormone from 
the cerebrum can activate the ring gland in 
the extraction experiment. The difference in 
results between injection with cerebral extract 
and implantation of cerebrum of the same 
age remains to be explained. Probably the 
hormonal factor is liberated by the mechani- 
cal stimulation during the preparation and 
storing of the cerebrum, before the implanta- 
tion is performed. In any case, it must be 
assumed that the concentration is too weak 
to cause a visible effect on the ring gland. 
From these studies, it may be concluded that 
metamorphosis of Calliphora is regulated as 
in other insects. 

Neurohormones from Periplaneta ameri- 
cana in “Calliphora test”. The neurohor- 


mones, eluted after paper chromatographic 
separation, were injected into partly pupated 
back parts. At the same time, ring gland of 
the third instar, just before the critical 
period, was implanted. After injection of 
neurohormone D, eluate plus ring gland im- 
plantation, puparium formation could be ob- 
served in a certain percentage of cases (Fig, 
5). After injection of neurohormone D; 
alone, some animals showed a partial pupa- 
tion. The result was negative after injec- 
tion of neurohormone C, eluate plus fing 
gland implantation. Likewise, no reaction 
could be observed after neurohormone C, 
alone was injected. The injection of. neuro- 
hormone Dz or neurohormone Coz, together 
with ring gland implantation, did not cause 
pupation. Thus, only neurohormone D, 
proved to be the active factor for the regula- 
tion of metamorphosis. In considering the 
results of these neurohormone injection ex- 
periments, it is apparent that among the four 
isolated factors only one substance (neuro- 
hormone D,) is active. That this particular 
factor derives from the pars intercerebralis 
has been demonstrated by experiments men- 
tioned previously. This supports our view that 
the material we have purified in addition to 
its other physiological effects is also the acti- 
vation hormone of insect metamorphosis. 
Until now, we have not extended our studies 
to other insect orders, but this will be done 
in the near future. 
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FIG. 5. Injection of neurohormone D1: from 
Periplaneta americana, eluted from a_ paper 
chromatogram, into half-larvae of Calliphora. 
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Following injection of neurohormone D, 
alone, without simultaneous implantation of 
ring gland, a partial pupation may result. 
This result bears upon a former finding of 
Piepho (1948) with larvae of Galleria. After 
extirpation of the prothoracic glands, a par- 
tial pupation could occur. Partial pupation 
in both experiments may be attributed to the 
activity of the neurohormonal cerebral fac- 
tor, neurohormone D,. Also, the findings of 
Chadwick (1955), that larvae of Periplaneta 
americana molt after extirpation of the pro- 
thoracic glands, may be regarded as a parallel 
phenomenon. Finally Kobayashi and Kiri- 
mura (1958) isolated a f «tor from the brain 
of the silkworm Bombyx mori, which gave 
pupation after injection in brainless pupae. 

The investigation of the biochemical 
nature of the insect hormones is in its early 
stages. Once pure hormonal substances are 
available, our knowledge of hormonal inter- 
actions and their significance in metamorpho- 
sis will greatly improve. Much has been 
learned since the purification of ecdysone 
(Butenandt and Karlson, 1954) and the 
juvenile hormone (Williams, 1956) and it 
may be expected that purification of the 
activation hormone, as the third pure meta- 
morphosis hormone, will play an important 
role, also. 
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EXTRINSIC FACTORS INFLUENCING METAMORPHOSIS IN 
BRYOZOAN AND ASCIDIAN LARVAE 


W. F. Lyncu 
St. Ambrose College 


It is a rather strange coincidence that so 
many different factors have similar effects 
in either inhibiting or accelerating the onset 
of metamorphosis in widely divergent groups. 
Of these factors the heavy metals seem to 
play a distinctive role. Copper, for instance, 
hastens the beginning of metamorphosis in 
several ascidians (Grave and Nicoll, 1939; 
Glaser and Anslow, 1949), Bugula larvae 
(Miller, 1946; Lynch, 1949), the coelen- 
terate, Tubularia, (Pyefinch and Downing, 
1949) and oysters (Prytherch, 1934; Arm- 
strong and Miall, 1945); but the effect of 
copper on oyster larvae has not been con- 
firmed by others, and Armstrong and Miall 
(1945) do not give experimental data on 
the copper ion. Clark (1947) found that 
sublethal exposures to cupric citrate accel- 
erated the growth of newly metamorphosed 
barnacles, but he did not state that the metal 
hastens attachment. Glaser and Anslow 
(1949) found that copper is not only assimi- 
lated by ascidian larvae, from sea water but 
is also released at the time of metamorphosis; 
this explains, perhaps, the peculiar activating 
effects of “conditioned sea water” in which 
many larvae have undergone fixation, for 
the “conditioned sea water’ itself hastens 
setting. Iron chloride is effective for some 
kinds of ascidians (Grave and Nicoll, 1939) 
and mecuric chloride hastens the onset of 
metamorphosis in Tubularia (Pyefinch and 
Downing, 1949) and in Echinus larvae 
(Huxley, 1922). The zinc ion is effective for 
inducing metamorphosis in Echinus (Runn- 
strom, 1917) and in some ascidians when 
employed in concentrations higher than that 
of copper (Grave and Nicoll, 1939). 

Since the writer has made observations on 
the setting behavior of three species of Bugula 





The material presented in this review has been 
submitted in part for publication in the Proceed- 
ings of the Iowa Academy of Science. 


larvae B. neritina, B. turrita and B. simplex 
(formerly flabellata)’ and also on tadpoles 
of Amaroecium constellatum when _ these 
organisms were exposed to various environ- 
mental conditions, he thought it might be 
of interest to list factors which have either 
accelerating or inhibiting effects on the onset 
of metamorphosis in various groups of ani- 
mals. These are shown in Tables 1 and 2. 
Since Amaroecium tadpoles have a very brief 
natatory period, and because of this are suit- 
able only for experiments with possible inhibi- 
tory agents, no data on these organisms ap- 
pear in Table 1. A plus sign under the 
organism listed at the top indicates that the 
factor induces the beginning of metamorpho- 
sis; the absence of a plus sign, however, in 
the case of Bugula larvae indicates that there 
is no information concerning these factors, 
and a minus sign indicates that the factor 
in question does not appear to be effective. 
If the investigators are not listed, references 
can be found in the literature citations under 
Grave or Grave and Nicoll for observations 
on the ascidians except Clavelina; the latter 
was studied by Bradway (1936). The writer 
made most of the observations on Bugula and 
Amaroecium larvae, unless another investi- 
gator is listed. Several references to the heavy 
metals have been given in the first paragraph. 
Wilson (1952) has an excellent historical 
review of the literature on sedentary and 





1The species referred to as B. flabellata in 
previous papers of the writer should be called 
B. simplex according to Ryland (1958). Larvae 
of the species formerly called B. flabellata appear 
to be identical to those released at Holyhead, 
Wales, by organisms which Ryland considers to be 
identical to those in America called B. flabellata. 
The pigmented spots of the larvae of the latter are 
very faint and of such a diluted pink color that 
they cannot be seen unless the light falls at the 
proper angle. B. simplex has similar pigmented 
spots. 





The author, Rev. Dr. W. F. Lynch, died in December, 1960, while this article was in press. 
Reprints may be obtained from Dr. Carl S. Rice, Department of Biology, St. Ambrose 
College, Davenport, Iowa. 
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sessile organisms which should be consulted 
by those interested in the problems of meta- 
morphosis in these groups. 


THEORIES OF THE MECHANISM OF 
METAMORPHOSIS 


I. Ascidian metamorphosis. Berrill (1939) 
thought that phagocytosis of the tail of the 
tadpole might initiate metamorphosis. Conk- 
lin (1931) considered that an increase in 
acidity of the organism, brought about by 
progressive changes of the whole body, ac- 
companied by swelling might have a causal 
relationship to metamorphosis. Grave and 
Nicoll (1939) believed that there were at 
least two factors involved in metamorphosis 
and possibly a third one: (1) an aging proc- 


ess which presumably releases a chemical 
when larval tissues reach a certain degree of 
differentiation and (2) by-products of me- 
tabolism caused by swimming. These observ- 
ers thought that possibly the chemical re- 
leased by the aging process + the by-products 
of metabolism might unite to form a third 
substance. They found that in Ascidia nigra 
both swimming and aging were necessary for 
induction of metamorphosis by tissue extracts 
or the heavy metals. (They noted that tissue 
extracts contained an appreciable amount of 
copper.) In Polyandrocarpa tincta, however, 
both factors 1 and 2 could be by-passed by ex- 
posing the tadpoles to tissue extracts or the 
heavy metals. Their reason for suspecting that 
the by-products of metabolism caused by 


TABLE 1. Accelerators of the onset of metamorphosis. 








Other organisms 


Bugula 





I. HEAVY METALS 
Copper salts 


Iron salts 
Zinc salts 


Mercury salts 


. DILUTE ‘CONCENTRATIONS OY DYES IN SEA 


WATER 


Neutral red and methylene blue 
Janus green and brilliant cresyl blue 


. IONS OF SEA WATER 


+ Ascidians 
Tubularia 
Oysters (?) 
Barnacles (?) 
Some ascidians 
Some ascidians 
Echinus 
Echinus 
Tubularia 


Some ascidians (Zhinkin, 1938) 
Some ascidians (Zhinkin, 1938) 


Some ascidians (Grave and Nicoll, 


Calcium (A brief exposure to isotonic cal- 
cium chloride; long exposure to certain con- 
centrations of Ca and sea water ‘can delay 
setting in Bugula) 

Potassium, A brief exposure to 
KCl 


isotonic 


Sodium. A brief exposure to isotonic NaCl 


Magnesium-free sea water 


. OXIDIZING AGENTS 
Quinone 


Iodine 
H2O02 


2,3,5-triphenyltetrazolium chloride 
Sodium 2,6-dichlorobenzenoneindophenol 


1939) but not Clavelina (Bradway, 
1936) 


Not effective for ascidians (Grave 
and Nicoll, 1939), but isotonic 
KCl may not have been used. 
Clavelina (Bradway, 1936); other 
ascidians (Bertholf, 1945) 


Tubularia (Pyefinch and Downing, 
1939) 

Ascidians (Grave and Nicoll, 1939; 
Bradway, 1936) 
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TABLE 1, continued 





Bugula Other organisms 





’, PHYSICAL AGENTS 
X-rays and x-rayed sea water 


Elevated temperatures of sea water (30°C.) 


Low temperatures (0 to —3°C.) 
Hypotonic sea water (brief exposure) 
Hypertonic sea water 


. OTHER FACTORS 
Crowding of larvae 


“Conditioned sea water” 


Extracts of whole 


gland 


Sea water extracts of several adult tissues 


and of larvae 


Urea (brief exposure of one minute to 1.2 


M urea) 
Urea+CuCle 


Cysteine 

Other amino acids 
Strychnine 

Lactic acid 


thyroid and pituitary 


Not effective for Amaroecium 
Clavelina (Bradway, 1936) 


Clavelina (brief exposure) 


Most ascidians (Grave and Nicoll, 
1939) 
Several ascidians (Grave and Nicoll, 
1939) 
Several ascidians (Grave and Nicoll, 
1939) 
Some ascidians (Grave and Nicoll. 
1939) 


Some ascidians (unpublished notes 
of Grave) 

Some ascidians (Grave and Nicoll) 
Some ascidians (Grave and Nicoll) 
Some ascidians (Zhinkin, 1938) 
Some ascidians (Grave and Nicoll, 
1939) 





swimming might be involved in metamor- 
phosis came from observations in which the 
natant phase of the life-cycle had been short- 
ened by keeping the larvae active by alter- 
nately exposing them to light and darkness; 
but they also emphasized the fact that meta- 
morphosis can occur without swimming, as 
the writer had frequently observed in 
Amaroecium under experimental conditions. 

The ascidian tadpole is a dual organism 
equipped not only with larval organs but 
with rudiments of the adult action system as 
well. Since these tadpoles, like Bugula larvae, 
have no digestive tract and cannot take food, 
it seemed likely to Grave and Nicoll (1939) 
that larval life would be terminated when 
the available energy sources had been used 
up. These investigators considered it possible 
that the rate of larval metabolism might be 
higher than that of the adult and that dif- 
ferent enzymes might be involved. Tissues 
or amino acids containing copper either 
naturally or as a contaminant might poison 
the larval enzyme system and abruptly end 
larval life. Glaser and Anslow (1949) also 


considered that copper might accumulate in 
the tadpoles to such an extent that it would 
be impossible for larval enzymes to operate. 

Grave and Nicoll (1939) emphasized that 
both the concentration of the agents used 
experimentally and the permeability of the 
tunic would be important factors governing 
the onset of metamorphosis. They thought 
that in nature the tunic might become more 
permeable to some substance or substances 
that enter the tadpole as the larva ages. The 
“aging factor” of these authors, which facili- 
tated the artificial induction of metamorpho- 
sis, might be merely an increased permeability 
of the tunic (Grave and Nicoll, 1939). 

By various treatments of sea water extracts 
of adult tissues Grave and Nicoll (1939) 
found that the “promotor substance” dialyzes 
through collodion, is stable in strong acids 
and alkalis, is not affected by deproteinization 
nor lipid solvents. They concluded that the 
inducing agent was probably a simple in- 
organic salt. Grave and Nicoll (1939) came 
to this conclusion: “Since many wholly un- 
related substances can induce metamorphosis, 
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Table 2. Inhibitors of metamorphosis. 








Bugula 


I. IoNS OF SEA WATER 
Excess of MgCl» (isotonic) in 
sea water 
Excess of KCl 
sea water 
Calcium-free sea water 
CuCle (very weak solution) 


(isotonic) in 


. ANESTHETICS (sea water solutions ) 


Urethane 
Alcohol 
Potassium cyanide 


Chloretone 
Chloral hydrate 


AGENTS 

Darkness (but does not 
vent met.) + 
Reduction of salinity + 


. PHYSICAL 
pre- 


Amaroecium Other organisms 





Clavelina 
Clavelina (Exposure to 
isotonic KCl) 


Some ascidians 


+ 


+ 
(strongly ) 
Some ascidians (partially) 
+ 
(some stages 
only) 


(B. neritina only) 


Acidity (pH below 5.8-6.0) + 
Temperatures of 4 to 9°C. oe 


. OTHER FACTORS 
Dextrose in sea water 


Glucose (isotonic) +sw 
Thioglycollate 
Sodium azide 


Thiourea 


Phenylthiourea 

Extracts (sea water) from 
ovaries of puffer and starfish 
(antimitotic extracts ) 


Clavelina 


he 

(weakly ) 
+ 

(strongly ) 


+ 
(weakly ) 
+ 
(does not prevent 
first stages) 
Ciona (Bell, 1955) 





it is apparent that no necessary relationship 
exists between the disruptive process and the 
stimulus by which it is initiated, although it 
does not follow that the final condition pre- 
ceding the disruptive phase may not in each 
case be the same. . . . It is possible therefore 
that interference with or prevention of the 
continuation of larval life, however effected, 
may be the cause of metamorphosis.” Grave 
concluded his monograph (1935) on ascidian 
fixation by stating: “The mechanism of meta- 
morphosis is comparable in its organization 


to that of development of an egg, which also 
may be activated by numerous chemical and 
physical agencies.” 

II. Metamorphosis of Bugula larvae. As 
an explanation of the reason that such diverse 
agents can either induce precocious setting 
or inhibit fixation in Bugula larvae a working 
hypothesis has been set up which postulates 
that setting, when artificially induced, is es- 
sentially a response to stimulation and that 
inhibition resembles anesthesia. Many agents 
which cause artificially induced setting in 
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Bugula larvae also activate marine ova, and 


according to Heilbrunn’s general theory 
(1952) of calcium release these should be 
considered stimulating agents; and many fac- 
tors which inhibit fixation of the larvae also 
prevent cell division of ova. These agents 
which depress vital functions may be con- 
sidered anesthetics in the broad sense of the 
term. If one excludes benzoquinone, certain 
oxidizing agents and both magnesium-free 
and irradiated sea water from the list of 
inductors of fixation of Bugula larvae, all 
the others have been reported at one time or 
another as activators of marine ova or as 
accelerators of cleavage. (Most references 
can be found in Harvey’s book, 1956.) On 
the other hand, of the inhibitors of metamor- 
phosis only darkness, cysteine, mixtures of sea 
water and isotonic potassium chloride and 
possibly calcium-free sea water have not 
been reported as agents which either delay 
cleavage or lower the viscosity of protoplasm 
(e.g. thioglycollate has been noted to keep the 
protoplasm of certain ova in a more fluid 
condition by Wicklund et al., 1953). Several 
of these agents have opposite effects in dif- 
ferent concentrations or under varied experi- 
mental conditions. Clearly some inhibitors of 
metamorphosis can interfere with oxidizing 
enzymes (azide and cyanide) or block energy 
transport (dinitrophenol). Presumably not 
all inhibitors have the same end effect on 
the larvae. 

Perhaps the most convincing evidence in 
favor of the hypothesis that artificially in- 
duced fixation is similar to stimulation can be 
obtained from the behavior of B. simplex 
(formerly called B. flabellata) at moderately 
low temperatures. It is well known that tem- 
peratures of 0° C or below have a stimulating 
effect on organs and tissues. A frog’s heart 
which has stopped beating in calcium-free 
Ringer’s solution can be made to beat again 
by a sudden exposure to a temperature of 
—2° C (Heilbrunn, 1952, p. 539). It had 
been noted in 1944 that larvae of B. neritina 
placed in sea water at about 5° C had a 
very prolonged natatory period, as had been 
reported by Marcus (1926) for other bryo- 
zoans. Later this same behavior was observed 
in larvae of B. simplex. (Amaroecium tad- 


poles may postpone metamorphosis for as 
long as ten hours when kept at 5° C). If, 
on the other hand, larvae of B. simplex are 
suddenly immersed into sea water at 0 to 
—3° C, they will eject their holdfasts within 
thirty minutes. If the larvae become rigidly 
attached and the sea water is then allowed 
to reach room temperature, the larvae gen- 
erally complete metamorphosis and form 
zoids; but if the Stender dishes containing 
the larvae are removed too soon from the 
cooling medium, the adhesive sac is often 
withdrawn into the bodies of the larvae and 
they begin to swim again. But temperatures 
of 0 to —3° C will not induce precocious 
fixation in larvae immersed in cold calcium- 
free sea water. Nor will they attach at room 
temperature in either oxylated or calcium- 
free media. It would seem, therefore, that 
calcium is involved in an artifically induced 
metamorphosis. It may be possible, ;then, 
that ejection of the holdfast triggers the 
mechanism of metamorphosis and that at- 
tachment mechanically aids the involution of 
the ciliated epithelium. 

If inductors of fixation are stimulating 
agents that release calcium, what part of the 
organism might possibly be involved? There 
may be two possibilities: (1) Calcium might 
activate an enzyme system which causes con- 
traction of the mechanism that expels the 
internal sac. One would expect that if the 
internal sac is actively expelled from the 
interior of the larva, as it seems to be because 
of its sudden eversion, muscles or muscle- 
like fibers would be involved. If one accepts 
the viewpoint of Heilbrunn (1956) that cal- 
cium is involved in muscle contraction, then 
any substance causing calcium release might 
stimulate the larvae to attach. According to 
Heilbrunn’s theory (1952) activators of 
marine eggs release calcium which can acti- 
vate an enzyme system, and he has shown 
that a variety of agents cause clotting of 
marine ova presumably by releasing calcium. 
(2) A second possibility is that inductors of 
metamorphosis aid in coagulation of the ad- 
hesive material. Possibly premature harden- 
ing of the adhesive fluid causes release of 
the internal sac by the action of larval cilia 
pulling the organism in a direction opposite 
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to the point of attachment. This possibility 
does not seem so likely for Bugula larvae, al- 
though the cement must harden to attach 
them, but it does seem likely that Tubularia 
attaches whenever any substance prematurely 
hardens the attaching substance (Pyefinch 
and Downing, 1949). It appears that the 
adhesive material in both Tubularia and 
Bugula is a chitinous substance for both the 
writer and Corréa (1949) consider that the 
zooecial wall of the zoid is derived from 
adhesive material and Hyman (1958) has 
found that the outer wall of B. neritina gives 
a positive chitosan-iodine reaction; Pyefinch 
and Downing (1949) likewise consider the 
adhesive fluid of Tubularia to be an “extra- 
chitinous” cement and note that several 
sessile organisms attach by means of a qui- 
none-tanned mucoprotein; and Knight-Jones 
(1953) has presented evidence that the adhe- 
sive cement of barnacles is a quinone-tanned 
mucoprotein similar to the cuticle of insects. 
It is known that part of a mucoprotein con- 
sists of chondroitin sulfate, which has a great 
affinity for calcium to which much of it is 
bound in tissues (White et al., 1954, p. 811). 

Inhibitors of metamorphosis may possibly 
prevent either muscle contraction for expul- 
sion of the internal sac or hardening of the 
cementing substance; or they may interfere 
with oxidative enzymes or with energy trans- 
port.2 The fact that Amaroecium tadpoles 
cease movement almost immediately on being 
placed in either cold sea water or the same 
medium containing sodium azide, potassium 
cyanide, magnesium chloride or urethane in- 
dicates that these substances do prevent mus- 


cular contraction. And since some inhibiting 
agents such as thiourea, phosphate buffers 
and antimitotic substances from ovaries cause 
leakage of the cementing material while 
Bugula larvae are still swimming slowly, it 
would appear that these factors cause the 
cementing substance to be more fluid than 
normal. 

There are obvious weaknesses in the 
theories just discussed and there are many 
lacunae in our knowledge of bryozoan meta- 
morphosis. If one accepts the “muscle con- 
traction theory” as tentative and considers 
that inductors of setting release calcium, the 
embarassing fact presents itself that these pro- 
motors of fixation are those which are usually 
associated with activation or inhibition of 
cleavage of marine ova rather than with mus- 
cle contraction. Although Heilbrunn (1952, 
p. 410) considers that a muscle cell is essen- 
tially like a sea urchin egg or an ameba in its 
structure, its responses to some agents such as 
acids do not appear to be the same. Further- 
more, we are not certain that the fluid of 
attachment would behave like the colloids of 
living cells. 

Our knowledge of the normal process of 
metamorphosis may or may not be furthered 
by the above observations. One may con- 
ceive, perhaps, that the mechanism of fixa- 
tion is in a state of inhibition and that some 
substance gradually accumulates which, on 
reaching a certain concentration, causes sud- 
den extrusion of the internal sac. The sub- 
stance need not be calcium, although it could 
be, for any factor causing calcium release 
would suffice. The possibility of a thigmo- 





2It may be that in nature the contractile ele- 


ments which expel the contents of the internal sac 
at the beginning of metamorphosis are in a state 
of inhibition which can be removed by calcium. 
An inhibiting agent, the Marsh-Bender factor, 
has been extracted by Weber and by Marsh from 
the muscles of experimental animals: “In the 
presence of this factor, a model experimental fiber 
fails to contract, even in the presence of ATP. 
However, when a solution of calcium (10-3 
molar) is added, the inhibition is released and con- 
traction occurs. The importance of calcium to 
muscle contraction was emphasized by Heilbrunn 
long before this.” The quotation is from Geise, 
A. C., in the 1957 edition of Cell Physiology 
(W. B. Saunders Co.) p. 474. If the contractile 


elements presumably responsible for expulsion of 
the internal sac of Bugula larvae were inhibited 
by a factor which could be counteracted by 
calcium, it would not be so difficult to understand 
why so many agents, apparently totally unrelated, 
exert an acgelerating effect on the onset of meta- 
morphosis; gnany of these factors are known to 


release calcium in marine ova and to activate 
them. Thus, artificially induced metamorphosis 
may actually resemble the activation of marine 
eggs. In nature, conceivably could 
gradually accumulate in the larvae by entrance 
from the sea water; or it might be released by 
nerve endings as a result of impulses coming from 
thigmotropic stimulation of the vibratile flagella. 


calcium 
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tropic stimulation arising from the action of 
the vibratile flagella, which are very active in 
feeling surfaces before metamorphosis, should 
not be overlooked. 


DISCUSSION 


No suitable explanation can be given for 
the similarity of at least seventeen different 
agents in either inducing or inhibiting the 
onset of metamorphosis in the bryozoans and 
ascidians referred to in the tables. Amaroe- 
cium larvae appear to begin the process of 
normal metamorphosis by first attaching to 
the substrate. But the stubborn fact remains 
that Amaroecium tadpoles can undergo 
metamorphosis without being attached at all, 
as they do when removed from sea water 
containing potassium cyanide. In _ this 
medium they are quiescent from the time of 
placement and neither swim nor attach to 
the substrate; on removal to sea water they 
do not move but metamorphosis can take 
place in an apparently normal manner. In 
this respect they differ from Bugula larvae, 
for the writer has never seen metamorphosis 
occur in these organisms unless they first 
become attached. 

It is evident that there is need for new 
viewpoints, for more observations and, per- 
haps, for team-work between various dis- 
ciplines not only of biology but of physics and 
chemistry as well before there will be a 
clearly acceptable hypothesis of metamorpho- 
sis. Only the beginnings have been made in 
this interesting field. 
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OBSERVATIONS ON THE MECHANISM OF TAIL RESORPTION 
IN ASCIDIANS 


RicHarp A. CLONEY 


Department of Anatomy, University of Washington, Seattle 


The resorption of the larval tail in simple 
ascidians is completed within 15 to 20 min- 
utes after the beginning of metamorphosis. 
The remarkable speed of the process makes 
it an especially interesting morphogenetic 
problem. 

According to Kowalevsky (1866), immedi- 
ately following attachment in Ciona intes- 
tinalis the withdrawal of the tail is accom- 
panied by the collapse of the notochord and 
the rounding up of the notochordal cells. 
The muscle cells which serve for the propul- 
sion of the larval tail separate into simple 
rounded cells in the body cavity. Experi- 
ments by Weiss (1928) suggested that the 
involution of the tail in Ciona is caused by 
the contraction of the caudal epidermis and 
the tonic contraction of the musculature. 
Since excised tails from larvae failed to 
shorten by themselves, he postulated that 
some factor in the trunk must be necessary 
to trigger the involution mechanism. 

Berrill (1929) reported that in Boltenia 
hirsuta and other species the destruction of 
the tail during metamorphosis is effected pri- 
marily by phagocytes. Conklin (1931) in a 
brief description of metamorphosis in Styela 
partita found no evidence for phagocytosis. 
He reported that the muscle cells, noto- 
chordal cells, and nerve tube cells become 
rounded and are then withdrawn into the 
trunk region where they remain identifiable. 
Only the ectodermal epithelium remains nor- 
mal in staining reaction and general appear- 
ance during the process of metamorphosis. 
He expressed the opinion that proteolytic 
enzymes are involved in the process of separa- 
tion of the tail tissues. Grave (1935) also 
disagreed with Berrill’s opinion concerning 
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phagocytosis. He concluded that in Ascidia 
nigra (Savigny) contraction of the muscle 
cells and the elasticity of the mantle (epi- 
dermis) are responsible for the initial resorp- 
tion of the tail. After further studies Berrill 
(1947) developed another hypothesis: 

In the resorption of the tail, no phagocytosis is 
evident, the role of the notochord and muscle 
tissue appears to be passive, and the active agent 
in forcing the whole proximally is the shrinkage of 
the epidermis, which becomes nutritionally ex- 


hausted, progressing from the tip to the base. 
(pp. 263-264) 


A detailed comparative histological study 
of tail resorption based on sectioned material 
has not been made previously. In the present 
study descriptions of the larva and metamor- 
phosis of Boltenia villosa (Stimpson) based 
on studies of living specimens, and sections 
prepared for the light and electron micro- 
scopes are presented. The fate of excised 
fragments of the tail removed at different 
stages of metamorphosis and the effect of 
proteolytic enzymes on larvae are described. 
Tail resorption is compared in four different 
species. 

MATERIALS AND METHODS 


Adult specimens of Boltenia villosa, Pyura 
haustor, and Styela gibbsii, were dredged and 
collected intertidally in the San Juan Archi- 
pelago. Ascidia callosa was collected from 
floating docks at Friday Harbor. Gametes 
were obtained directly from the gonoducts of 
adult animals. Cultures were maintained 
between 11 and 15° C. 

A stock solution of Janus Green B (Na- 
tional Aniline Dye Division, Allied Chemical 
and Dye Corp.; certification No. NJ11) was 
prepared with distilled water at a dilution of 
1:10,000 and added to cultures of larvae to 
induce metamorphosis. ‘This dye was first 


used for this purpose by Bertholf and Mast 
(1944). 

Lyophilized crystalline trypsin and a-chy- 
motrypsin, used in experimental studies, were 
dissolved in sea water at concentrations of 0.1 
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and 0.25 mg/ml. The enzymes were obtained 
from Worthington Biochemical Sales Co., 
Freehold, New Jersey. 

For light microscopy, specimens were fixed 
in a solution of 3 parts Bouin’s fluid and one 
part sea water for 8 to 24 hours; they were 
then dehydrated in ethanol, cleared in 
toluene, and infiltrated with the following 
mixture; Fisher’s tissuemat (M.P. 60-62°C) 
300 gms, bleached beeswax 35 gms, and dry 
piccolyte 45 gms. Sections were cut at 5y in 
a cold room at 5 to 10° C. The hardness of 
this mixture, in combination with a low sec- 
tioning temperature, made it possible to 
obtain thin sections without compression. 

Sections were stained with Harris’ hema- 
toxylin and ethyl eosin or with Mallory’s 
triple stain according to the recommendations 
of Pantin (1948). The PAS histochemical 
technique was used according to the method 
described by Gomori (1952). 

Light photomicrographs were made on 
Kodak Microfile film and developed in 
Kodak D-23 developer at 28° C with con- 
stant agitation for about 24% minutes. Con- 
trast was controlled in special cases by vary- 
ing the time of development. This method 
produces negatives with good gradation and 
extremely fine grain. 

Specimens prepared for examination with 
the electron microscope were fixed in 2.7% 
OsO, and buffered at pH 7.5 with S-collidine 
buffer (Bennett and Luft, 1959) for one hour 
in an ice bath. Specimens were dehydrated 
for one hour in increasing concentrations of 
ethanol with a maximum of 5 minutes in 
absolute ethanol. They were transferred 
through two changes of propylene oxide and 
embedded in epoxy resin using 1% accelera- 
tor according to the methods of J. H. Luft 
(in press). Sections were stained for 3 hours 
in 1%4% uranyl acetate. 

Electron micrographs were taken on an 
RCA Model EMU 2C electron microscope 
fitted with a 40 objective aperture, a Can- 
alco compensator and a specially stabilized 
power supply. Exposures were made on 
Kodak fine grain positive film and developed 
in D-19 developer (Wood and Howard, 
1959). 


OBSERVATIONS 
Larval morphology of Boltenia villosa 


The following description of the larva will 
provide a foundation for a description and 
discussion of metamorphosis. Emphasis is 
given to the caudal tissues. 

The external morphology of the fully de- 
veloped larva of Boltenia villosa is illustrated 
in Figs. 1 and 9. One hundred fixed larvae 
of B. villosa measured from the tips of the 
adhesive papillae to the end of the cellular 
portion of the tail had an average length of 
.87 mm (range .78 to .93 mm). The caudal 
fin alone averaged .30 mm (range .25 to .33 
mm) in length. 

Tunic. The entire epidermis of the larva, 
including the atrial and branchial siphonal 
rudiments, is covered by a thin transparent 
tunic. The tunic contains several dozen free 
amoeboid cells. During the first few hours 
after hatching, the tunic appears to be com- 
posed of a single layer; in older larvae it is 
composed of two distinct layers (Fig. 1). The 
outer layer forms dorsal, ventral and caudal 
fins. Janus Green B stains both layers in- 
tensely. 

Epidermis. The epidermis of the tail (Figs. 
5, 7) is composed of a single layer of irregular 
epithelial cells. The basal surface of the 
epidermis extends into grooves between the 
underlying muscle, nervous, and endodermal 
strand tissues. The outer surface beneath the 
larval tunic is relatively smooth. At the base 
of the tail the epidermal cells are columnar 
in shape. At the level of the preoral pharynx, 
in many specimens, the epidermis forms a 
series of eight radially arranged thickenings. 
These are the rudiments of the ampullae and 
become prominent epidermal elaborations in 
the postlarval stages of development. At the 
anterior end of the larva, one ventral and 
two dorsal cone-shaped projections of epi- 
dermal cells form three adhesive papillae. 
The basal surface of the entire epidermis is 
bordered by a PAS-positive basement mem- 
brane. The cytoplasm of the epidermal cells 
is slightly basophilic and contains numerous 
eosinophilic PAS-positive yolk granules. Simi- 
lar granules are found in all cells within the 
larva and early postlarval stages with the 

















exception of one type of amoeboid cell in the 
body cavity (macroblasts). These yolk 
granules have been previously described in 
the oocytes of B. villosa (Hsu and Cloney, 
1958) and will be referred to as proteid yolk 
granules. 

Rudiments of siphons, atrium, and di- 
gestive tract. The epithelium of the rudi- 
ment of the branchial siphon is continuous 
with the epidermis in the dorsal region of the 
trunk immediately anterior to the cerebral 
vesicle and the neurohypophysis (Fig. 5). 
The rudiments of the pharynx and digestive 
tract occupy most of the larval trunk. They 
consist of a simple cuboidal epithelium which 
remains relatively undifferentiated until after 
metamorphosis (Fig. 5). The posterodorsal 
region of the pharyngeal rudiment is divided 
into two elongate lobes each of which fuses 
with lateral lobes of the atrial rudiment. The 
atrial siphon develops in a region of fusion 
between the atrium and the epidermis. 

Nervous system and sensory organs. The 
visceral ganglion, the otocyst, and the ocellus 
constitute the nervous and special sensory 
organs of the larval trunk. The neuro- 
hypophysis differentiates into the cerebral 
ganglion and subneural gland following meta- 
morphosis. ‘Tissues of the visceral ganglion 
(Fig. 5) extend posteriorly through the canal 
formed by fused lobes of the atrial and the 
pharyngeal rudiments into the tail; they be- 
come continuous with the hollow dorsal nerve 
tube. 

Body cavity and mesenchyme cells. The 
body cavity between the pharyngeal rudi- 
ment and the epidermis is not lined by a 
mesothelium. It may properly be called a 
haemocoel or a pseudocoel. It contains 
mesenchyme cells of three morphologically 
distinct types tentatively designated as (1) 
microblasts, (2) macroblasts, and (3) free 
endodermal cells. Only the microblasts will 
be considered here. The trunk region pos- 
terior to the endodermal mass and anterior to 
the caudal muscle cells contains a dense ac- 
cumulation of microblasts. These cells are 
also found in fewer numbers in the anterior 
trunk region. They are nearly spherical in 
shape and range from 5.5 to 7.0u in diameter. 
The cytoplasm appears slightly basophilic 


‘Tat RESORPTION IN ASGIDIANS 








69 


when stained with Harris’ hematoxylin. A 
total of 338 microblasts were counted in a 
single larva. Of these, 26 (7.5%) were in 
mitosis. 

Notochord. The notochord extends from 
the posterior region of the trunk to the distal 
tip of the tail (Fig. 1). It is bounded by a 
thin acellular acidophilic, PAS-positive mem- 
brane. This membrane is referred to as the 
notochordal sheath. In electron micrographs 
it can be seen to contain numerous filaments 
approximately 110 A° in diameter. These 
are oriented at right angles to the axis of the 
tail and extend around the periphery of the 
notochord. In cross sections of the tail the 
filaments are cut longitudinally; in longitudi- 
nal sections they are cut transversely (Fig. 
8). Filaments of the sheath appear to be 
continuous with filaments which extend into 
the intercellular spaces between muscle, nerve 
cord, and endodermal strand cells. 

In the fully developed larva about 40 noto- 
chordal cells form a second membranous 
lining within the sheath (Figs. 6, 7,8). The 
central axis of the notochord is filled with a 
matrix which appears between adjacent cells 
along the length of the cord before hatching. 
The development of the notochord was first 
accurately described by Kowalevsky (1866) 
in the ascidiid Phallusia mammillata. 

The notochordal cells possess a well de- 
veloped endoplasmic reticulum (ER). Dense 
particles approximately 150 A° in diameter 
are associated with the membranes of the ER 
and are also free in the cytoplasm. 

Groups of agranular cisternae and small 
vesicles in the notochordal cells are identi- 
fied as Golgi bodies (Fig. 8). Relatively few 
mitochondria are distributed throughout the 
cytoplasm. The nucleus is irregular in out- 
line and is bounded by a nuclear envelope 
composed of two membranes. Pores are 
often observed in the nuclear envelope and 
the outer membrane is frequently seen to be 
continuous with the ER (Fig. 8). 

The cytoplasm of the notochordal cells 
next to the sheath contains fine filaments 
which are oriented at right angles to the 
filaments of the sheath (Fig. 8). The com- 
bination of intracellular and extracellular 
filaments may be correlated with the fact that 
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when the tail is excised and some of the 
matrix of the notochord is allowed to escape, 
the tail does not collapse but retains its 
rigidity. 

The plasma membranes of the notochordal 
cells are tortuous. This is particularly evi- 
dent in regions of contact between neighbor- 
ing cells. Adjacent cells are separated by a 
nearly constant spacing of about 200 A°. In 
the early stages of metamorphosis the noto- 
chordal the sheath into 
the trunk region of the larva. At this time 
they can be observed as discrete nucleated 
subspherical cells (Figs. 2, 14, 17). Further 
evidence of the discreteness of these cells was 
obtained by treating excised tails with a solu- 
tion of crystalline trypsin (about 0.1 mg/ml) 
in sea water. This causes the cells to separate 
from the notochordal sheath and from each 
other. As they pass into the surrounding 
medium they round up and assume a spheri- 
cal shape (Fig. 23). There is no evidence of 
fusion of these cells in B. villosa. (Berrill has 
claimed (1947) that in many species the 
notochordal cells form a syncytium in the 
fully developed larva). 

Muscle cells. On each side of the noto- 
chord there are three rows of muscle cells. 
The centrolateral rows consist of only four 
cells each and do not extend into the distal 
quarter of the tail. The dorsolateral and 
ventrolateral rows, consisting of seven cells 
each, converge distally and terminate near 
the tip of the notochord. The tail contains 
a total of 36 muscle cells in B. villosa. Each 
muscle cell is cylindrical with slightly con- 
stricted ends. In the dorsolateral and ventro- 
lateral rows the muscle cells average 85, in 
length and range in diameter from approxi- 
mately 6.5 to 7.5y. The centrolateral cells 
average 1134 in length and are slightly 
smaller in diameter than the other muscle 
cells. 

A single nucleus, located near the middle 
of each muscle cell, is surrounded by an area 
of yolk-free cytoplasm (Fig. 5). Except for 
this area the central region of each muscle 
cell contains many large lipoidal and a few 
proteid yolk granules. In the living larvae 
the lipoidal yolk granules appear brilliant 
orange in color. Treatment with toluene or 
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other clearing agents removes the lipoidal 
yolk from the cells leaving a reticular frame- 
work of cytoplasm outlining clear vacuoles, 
Fixatives containing OsO, stain the lipid 
black. Mitochondria are extremely abundant 
beneath the cortical myofibrils along the en- 
tire length of the muscle cells. The fine 
structure of the mitochondria corresponds 
closely to that described in many other cells 
(Palade, 1953). 

Next to the sarcolemma there are numer- 
ous myofibrils. These myofibrils run a spiral 
course from posterior to anterior, and from 
left to right in a clockwise direction at an 
angle of approximately 12°. Myofibrils in 
the centrolateral muscle cells are limited to 
the surfaces adjacent to the notochord and 
bordering the dorsolateral and ventrolateral 
muscle cells. These myofibrils do not spiral; 
they extend parallel to the axis of the noto- 
chord. In both cell types the sarcomere 
periodicity is about 1.8y. 

In electron micrographs it is clear that the 
muscle cells of B. villosa do not form a syn- 
cytium. Furthermore, the muscle cells can 
be separated into individual units by treat- 
ment with trypsin (Fig. 22). During meta- 
morphosis the muscle cells normally separate 
into 36 separate units within the body cavity 
of the postlarval organism, corresponding ex- 
actly to counts of muscle cell nuclei in the 


larva. 
Metamorphosis 


Initiation of metamorphosis in Boltenia 
villosa. In laboratory cultures the duration 
of the larval period is variable. A few larvae 
often begin to metamorphose about 6 hours 
after hatching, but within the same cultures 
other larvae may not begin until 4 or 5 days 
after hatching. Since it was impossible to 
predict when an individual larva was going to 
metamorphose it was convenient to use a 
relatively nontoxic chemical substance to 
initiate metamorphosis at the desired time. 
Ninety to 100% of the larvae of B. villosa 
responded to a concentration of about one 
part Janus Green B in 700,000 parts of sea 
water, by metamorphosing within 5 to 15 
minutes. Although Janus Green B is a very 
effective stimulant it induces metamorphosis 
only in larvae older than 6 hours (posthatch- 




















ing age). This age corresponds closely to 
the minimum free swimming period observed 
in untreated cultures. Metamorphosis with- 
out artificial stimulation in culture dishes is 
usually, though not invariably, preceded by 
the attachment of larvae to a solid substra- 
tum. Following treatment with Janus Green 
B metamorphosis is generally not preceded by 
attachment. Otherwise, artificially stimu- 
lated larvae appear to metamorphose in the 
same way as untreated larvae. 

General features of metamorphosis in 
Boltenia villosa. Figures 9 through 12 illus- 
trate the early stages of metamorphosis. 
Larvae metamorphosing without artificial 
chemical stimulation first adhere to the sur- 
face of a culture vessel by secretions of the 
adhesive papillae. Within one or two minutes 
after attachment extensive functional and 
morphological changes begin to take place 
in the larva. The tail stops twitching; the 
tail and the trunk begin to shorten; the ad- 
hesive papillae are resorbed; and the inner 
layer of tunic (postlarval tunic) at the an- 
terior end of the trunk increases its areas of 
attachment to the substratum. Resorption 
of the papillae is often complete within two 
to three minutes after the beginning of meta- 
morphosis, but it may require 10 to 12 
minutes. The larval epidermis does not come 
in direct contact with the substratum at any 
time during the attachment process. As the 
papillae are withdrawn the inner layer of the 
tunic remains as the only adhering surface. 

The first indication of tail resorption 
which can be seen in living specimens, is the 
rupture of the proximal end of the noto- 
chordal sheath. This occurs approximately 
one minute after attachment. At the instant 
of rupture, the matrix and cells of the noto- 
chord begin to flow out of the notochordal 
sheath and into the posterior region of the 
trunk. Simultaneously the proximal muscle 
cells begin to buckle and fold (Fig. 2). In 
the early phases of tail resorption the distal 
tail tissues appear to be unchanged except 
for changes in the tunic to be described later. 
As the tail shortens, epidermal cells accumu- 
late near the base of the tail and for a brief 
period they form a thick “collar” (Figs. 3, 10, 
14), 
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Within 6 to 8 minutes after the beginning 
of metamorphosis all of the muscle cells in 
the tail are involved in the advancing region 
of buckling and folding which progresses dis- 
tally (Fig. 10). After only 10 to 12 minutes 
the tail tissues are transformed into a cone- 
shaped mass behind the trunk tissues (Figs. 
3, 11, 14). While the tail is being resorbed 
the trunk simultaneously undergoes shorten- 
ing along its anteroposterior axis and in- 
creases in diameter (Figs. 2, 3,4). The cere- 
bral vesicle gradually collapses. 

During the first ten minutes of metamor- 
phosis, the anterior body cavity between the 
pharyngeal rudiment and the epidermis en- 
larges temporarily (Figs. 2, 3, 14). Within 
30 minutes the endodermal tissues change in 
shape and come in contact with the anterior 
epidermis over a wide area. The anterior 
body cavity is shifted posteriorly and to the 
sides of the pharyngeal and digestive tract 
rudiments (Figs. 4, 16). 

Between 10 and 30 minutes after the begin- 
ning of metamorphosis, the caudal tissues, 
with the exception of the epidermis are com- 
pletely withdrawn into the body cavity and 
tend to spread out, away from the axis of the 
former tail. The cells in the thickened epi- 
dermal “collar” region spread out and an in- 
vagination forms behind the resorbed tail 
tissues (Figs. 4, 16, 17). The change in 
shape of the trunk during the first 30 minutes 
of metamorphosis involves only a slight shift 
in the axes of the atrial and branchial si- 
phonal rudiments, but these structures move 
closer together along the anteroposterior axis 
of the trunk (Fig. 16). 

From 30 minutes to | hour after the begin- 
ning of metamorphosis the epidermis adja- 
cent to the anterior pharyngeal rudiment 
begins to develop eight short radially 
arranged epidermal outpocketings, the rudi- 
ments of the ampullae. Two to three hours 
later the ampullae become prominent lobes. 
Cells within the body cavity, including the 
tail elements, continue to spread out and 
often extend into the ampullar lumina. 

At the time of settling the siphonal axes 
of the larva are oriented approximately 
parallel to the plane of the substratum. The 
axes of the nervous and the endodermal 
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tissues are perpendicular to the surface of the 
substratum. Within 20 hours after metamor- 
phosis begins, these axes are reoriented ap- 
proximately 90°. Although the nervous and 
digestive systems undergo considerable re- 
arrangement in shape and position during the 
first 20 hours of metamorphosis, there is little 
histological change. 

Histological and cytological changes asso- 
ciated with tail resorption in B. villosa, P. 
haustor, and S. gibbsti. The epidermis in- 
creases in thickness and the inner surface of 
the epithelium tends to extend into folds of 
the muscle cells which develop as the tail 
shortens (Fig. 13). Near the base of the 


tail, in the region of the “collar,” the epi- 
dermal cells become elongated at right ang!es 


to the tail axis. 

As soon as tail resorption begins the inner 
layer of tunic immediately outside the epi- 
dermis begins to form a pleated annular ring 
around the distal tail region (Fig. 2). This 
ring enlarges as the tail shortens and 20 to 30 
minutes after the beginning of metamor- 
phosis it becomes incorporated into an in- 
vagination of the epidermis which develops 
behind the notochordal sheath in the original 
caudal axis (Figs. 4, 17). The outer layer 
of tunic with its dorsal, ventral, and caudal 
fins is shed as a transparent cuticular “molt” 
along with about 16 free amoeboid cells 
(Figs. 2, 14). 

As the muscle cells shorten the myofibrils 
become folded and disorganized but remain 
in the cortical regions of the cells and retain 
their strong staining properties with acid 
fuchsin and eosin (Figs. 13, 14). The muscle 
cells become more extensively folded in the 
regions near the surface of the notochord 
than in the regions adjacent to the epidermis 
(Figs. 2, 3, 13, 14). It is apparent in elec- 
tron micrographs that the myofibrils remain 
close to the sarcolemma during the initial 
buckling and folding of the muscle cells (Fig. 
15). 

From 10 to 30 minutes after the beginning 
of metamorphosis the muscle cells move away 
from the notochordal sheath into the en- 
larging body cavity around the pharyngeal 
and digestive tract rudiment. For a short 
time the muscle cells retain folded surfaces 


(Figs. 4, 17), but they gradually round up 
into spherical bodies. The lipoidal granules 
remain centrally located. 

During the first 3 or 4 days after the be- 
ginning of metamorphosis in B. villosa, 36 de- 
generate muscle cells become randomly dis- 
tributed throughout the body cavity. In later 
stages they become arranged in the form of 
a crescent around the developing branchial 
basket and gut. 

The cells which pass into the body cavity 
from the notochordal sheath in B. villosa, P. 
haustor, and S. gibbsiti show no signs of 
necrosis (Figs. 13, 14, 17). The notochordal 
sheath stains strongly with aniline blue in 
Mallory’s triple stain and can be identified in 
all stages of tail resorption. As the sheath 
shortens it decreases in diameter, and de- 
velops annular folds along its length (Figs. 4, 
14, 17). For many hours after tail resorp- 
tion it remains as a collapsed and folded 
membrane in the body cavity. 

In electron micrographs of B. villosa larvae 
the filaments of the sheath appear to become 
disoriented during the early stages of tail 
resorption. The layer of intracellular fila- 
ments in the notochordal cells increases in 
thickness (Fig. 15). The thickening of this 
layer of filaments is probably due to a general 
rounding up of these cells rather than to the 
formation of new filaments. 

Disrupted cells of the dorsal nerve tube and 
the ventral endodermal strand retain their 
relative positions as they pass into the body 
cavity during the first 20-30 minutes of meta- 
morphosis (Fig. 16). 

Tail resorption in Ascidia callosa. The 
caudal muscle cells in the larva of A. callosa 
are of one type. The periphery of each cell 
is provided with myofibrils which spiral from 
posterior to anterior in a clockwise direction. 
The structure of the notochord is similar to 
that described in B. villosa (Figs. 18, 19). 

At the beginning of metamorphosis the tail 
is withdrawn, within about 10-15 minutes, 
into the posterior region of the trunk and is 
formed into a coil as previously described in 
Ascidia nigra by Grave (i935). The tail 
tissues coil clockwise in the same direction as 
the myofibrils. For a short time after the 
formation of the coil, the tissues of the tail, 
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except for the epidermis, retain the same 
structural relationships as they had before tail 
resorption (Figs. 20, 21). The matrix in the 
lumen of the notochord passes into the body 
cavity. The notochordal cells remain within 
the sheath and the muscle cells buckle and 
shorten but continue to adhere to the noto- 
chordal sheath. The nerve tube retains its 
“dorsal” position above the notochord. The 
epidermis, however, separates from the un- 
derlying tissues and forms a mass of cells 
behind the other tissues. A small invagina- 
tion formed by the epidermal mass becomes 
partially filled with the inner layer of the 
tunic. Numerous yolk granules are present 
in the epidermal cells, both before and after 
tail resorption (Figs. 18, 20). 


Experimental studies of tail resorption in 


B. villosa 


Histological studies of tail resorption in B. 
villosa, P. haustor, and S. gibbsii show that 
the shortening phenomenon begins at the 
base of the tail and gradually progresses to 
the tip. This suggests that some factor neces- 
sary for tail resorption emanates from the 
trunk or the anterior end of the tail. It 
would be of interest to know if the tail tissues 
will shorten if they are separated from the 
trunk. 

Tail excision before the beginning of meta- 
morphosis. Larvae were placed in a small 
wax-coated Stender dish with about 15 ml of 
sea water. The tails of about one dozen in- 
dividuals were cut off at various points with 
a fragment of a razor blade or glass, mounted 
on the end of a small wooden stick. The 
larval tunic around the tail tended to stick 
in small fissures in the wax formed by the 
cutting edge but the tissues themselves sepa- 
rated cleanly. This made it possible to keep 
both parts of the larvae together and to keep 
records of the fate of isolated tails and of the 
trunks with their tail fragments. 

About half of the specimens metamor- 
phosed and the fragment of the tail proximal 
to the point of excision was resorbed into the 
posterior trunk region (Fig. 25). All isolated 
distal pieces of tail, both from individuals 
which had metamorphosed and from indi- 
viduals which had not metamorphosed, failed 


to shorten (Fig. 24). They remained intact 
and exhibited spontaneous twitching move- 
ments for several days after isolation. After 
four or five days they began to disintegrate, 
but they never shortened. Weiss (1928) ob- 
tained similar results with excised tails of 
Ciona larvae. 

A more extensive experiment of this type 
was carried out using Janus Green B to in- 
duce the onset of metamorphosis. In one 
dish (A) tails were excised from 108 larvae. 
Cuts were made within the proximal half 
of the tail. In another dish (B) 255 larvae 
were left undisturbed. A few drops of Janus 
Green B stock solution was added to each 
dish to give a final concentration of approxi- 
mately 1:700,000. After 2% hours the Janus 
Green B solution was removed and replaced 
with fresh sea water. After 6 hours the 
results of the experiment were tabulated 
(Table 1). 

These experiments show that the anterior 
end of the tail, the trunk, or both of these 
structures are necessary, at least for the initia- 
tion of tail resorption. There is no indica- 
tion, however, that either or both of them are 
necessary after resorption has started. 

Tail excision through the region of shorten- 
ing. A group of larvae were first stimulated 
to metamorphose with Janus Green B. After 


TABLE 1 








Number 
of Cases 


Dish A—Experimental 
Metamorphosis in progress; proximal half 


Isolated distal half of 
displays sporadic 


of tail resorbed. 
tail unshortened; 
twitching. 

Same as above but tail not observed to 
twitch. 

No signs of metamorphosis in trunk. 
Isolated distal half of tail unshortened; 
displays sporadic twitching. 





Total Cases 





Dish B—Control 
Metamorphosis in progress 
No metamorphosis 





Total Cases 
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the beginning of resorption the tails of 34 
larvae were excised by a transverse cut 
through the proximal region of shortening. 
Some of the tissues which had undergone 
partial resorption were thus included with the 
isolated distal pieces of tails. ‘Two and a half 
hours after isolation 30 of the tails had 
shortened, 4 had not. This suggests that 
resorption involves histological changes 
within the tail tissues themselves. It rules 
out the possibility that a mechanical force, 
such as reduced pressure in the trunk sucks 
or pulls in the tail tissues. It also shows that 
stimulation from the central nervous system 
of the trunk is not a factor, at least after the 
beginning of tail resorption. 

Tail excision posterior to the region of 
shortening. If resorption of the tail involves 
changes within the tail tissues themselves and 
if some important factor (physical or chemi- 
cal) passes gradually from the proximal to 
the distal end of the tail, it should be possible 
to interrupt its path by excising the tail distal 
to the region of shortening and thus inhibit 
the shortening of the isolated distal piece. 

Forty-five such excisions resulted in the 
shortening of 25 distal pieces. In 20 cases 
they failed to shorten; twelve of these distal 
pieces continued to twitch for many hours 
after the operation. 

The failure of these fragments to shorten 
strongly suggests that the path of some factor 
has been interrupted. Operational errors of 
cutting within the shortening area instead of 
posterior to it may explain why the majority 
of fragments shortened. It is possible that a 
portion of the tail may not appear to be 
shortening at a time when the factor initi- 
ating shortening has already passed into it. 

Experiments and histological observations 
together suggest that the shortening of the 
tail during metamorphosis is brought about 
by some factor or factors, perhaps chemical, 
which originate in the trunk or anterior tail 
region and advance posteriorly. This is 
further supported by observations presented 
in the following section. 

Experiments with trypsin. While trying to 
isolate cells of the tail, it was discovered that 
in larvae older than 6 hours the enzyme 
trypsin both initiated general metamorphosis 


and also initiated shortening in tails which 
had been excised before the beginning of 
metamorphosis. 

In a solution of trypsin (0.1 mg/ml 
lyophilized crystalline trypsin in sea water) 
excised tails do not dissociate into an un- 
organized mass of cells. The tail fragments 
shorten gradually. The process begins at the 
anterior cut surface and advances towards the 
posterior end of the tail fragment (Figs. 26- 
28). While the anterior muscle cells shorten 
and become dissociated the posterior ones 
continue to twitch. As a tail fragment 
shortens a few notochordal cells are slowly 
pushed out of the cut end of the notochordal 
sheath and assume spherical shapes in the 
medium. Unlike the muscle and notochordal 
cells, the epidermal cells are not dissociated 
by the enzyme. They gradually seal over the 
cut ends of the tail fragment and the stump 
attached to the trunk. 

Chymotrypsin (2.5 mg/ml in sea water) 
produces similar results, but preliminary ex- 
periments with solutions of papain and pan- 
creatin at concentrations as high as 25 mg/ml 
were not effective in causing the shortening of 
isolated tails. 

Treatment of excised tails of newly hatched 
larvae (30 minutes to 2 hours old) with 
trypsin fails to induce the degree of shorten- 
ing which occurs in tail fragments of older 
larvae. Although the muscle cells tend to 
round up and separate from other cells near 
the cut surface in the excised tails, the noto- 
chordal cells are not pushed out of the cut 
end of the notochordal sheath as they are in 
older larvae. The epidermis fails to seal over 
the cut surfaces of the tail. Even after pro- 
longed treatment (1 hour) the adhesive 
papillae and the tails in whole larvae are 
only partially resorbed (Figs. 29, 30). 


DISCUSSION AND CONCLUSIONS 


In B. villosa, P. haustor and S. gibbsii the 
resorption of the tail, contrary to Berrill’s 
conclusions based on other species, has been 
shown by histological techniques to begin at 
the base of the tail rather than at the tip. 
The experiment of removing a section of the 
tail of B. villosa larvae posterior to the 
shortening region, after the beginning of 
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metamorphosis confirms this. The distal half 
fails to shorten and even continues to twitch 
sporadically for many hours. 

Resorption of the tail in ascidians is 
typically synchronized with changes in the 
trunk of the larva. Berrill’s theory (1947) 
that resorption is caused by nutritional ex- 
haustion and shrinkage of the epidermal cells 
of the tail would seem to require that larvae 
metamorphose at the moment when these 
cells become depleted of nutrients, whether 
the larva has settled or not. This theory 
does not appear to be acceptable for the 
following reasons. (1) In normal as well as 
artifically induced metamorphosis, the epi- 
dermal cells in larvae of 3 different families 
have been shown to contain abundant yolk 
granules both before and after metamor- 
phosis. (2) Tail resorption and metamor- 
phosis can be artifically induced at any time 
(after a short aging period) with a variety 
of chemical agents. It is not necessary to 


wait until the epidermal cells become “nutri- 
tionally exhausted.” (3) Isolated excised tails 
do not shorten but retain their normal struc- 
ture and continue to twitch sporadically for 
several days while the anterior half of the 


tail is resorbed as the trunk metamorphoses. 
This strongly indicates that it is not “nutri- 
tional exhaustion” which causes the epi- 
dermal cells to shrink. 

The muscle cells might be considered 
structurally adapted to withdraw the tail by 
contraction as suggested by Grave (1935) but 
microscopic and submicroscopic examinations 
show that as the muscle cells shorten they 
buckle and the contractile myofibrils gradu- 
ally become folded and displaced. They 
bear no consistent relationship to the axis of 
the shortening tail. In fact, many segments 
of the fibrils become oriented at nearly right 
angles to the axis of shortening. Further- 
more, Weiss (1928) has shown that narco- 
tized Ciona larvae which are incapable of 
swimming movements can_ nevertheless un- 
dergo normal metamorphosis. If the muscle 
cells exert a force which causes the tail to 
shorten, it is unlikely that the displaced 
myofibrils are involved in the mechanism. 
The change in shape of the muscle cells due 
to their fluid and surface properties may, 


however, contribute to the overall shortening 
of the tail. 

The experiments with trypsin and chymo- 
trypsin demonstrate that isolated tails shorten 
when the muscle cells and notochordal cells 
are caused to dissociate. This, together with 
the histological observations that intercellular 
connections are actually broken in the normal 
process of resorption, and the fact that ex- 
cised tails cut through the proximal resorbing 
region will shorten in isolation, suggests that 
normal tail resorption may involve, at least in 
part, the production of a proteolytic or an- 
other hydrolytic enzyme which gradually 
diffuses or is activated along the length of 
the tail. 

If a hydrolytic enzyme is secreted near the 
base of the tail, it would be of interest to 
know its source. No direct evidence of se- 
cretion by any special group of cells has been 
obtained, but it will be recalled that the 
microblasts are concentrated in an almost 
solid mass around the anterior ends of the 
notochord and the muscle cells. This is pre- 
cisely the region where histological changes 
have been demonstrated to begin. The secre- 
tion and subsequent diffusion of a hydrolytic 
enzyme from this point would seem to offer 
an explanation for the abrupt rupture of the 
notochordal sheath, the initial release of its 
matrix and cells, and the observed dissocia- 
tion of the caudal tissues. These microblasts 
should be investigated with some of the new 
histochemical methods for enzymes such as 
leucine amino peptidase (Nachlas et al., 
1959) and chymotrypsin (Benditt and Arase, 
1959). 

The dissociation of the caudal tissues alone 
may not be sufficient to cause complete tail 
resorption. In A. callosa the tail is initially 
withdrawn without the separation of the 
muscle and notochordal cells from the noto- 
chordal sheath. If tail resorption in this 
species involves the same mechanisms as tail 
resorption in B. villosa, P. haustor and S. 
gibbsti, and if notochordal and muscle cells 
play only a passive role in this resorption, 
then an explanation is needed to show how 
a similar basic mechanism can cause differ- 
ent patterns of resorption. The rapid resorp- 
tion of the adhesive papillae, the formation 





76 RicHarp A. CLONEY 


of the epidermal ampullae and the character- 
istic invagination of the epidermis behind the 
resorbed tail, which occurs in all species, are 
evidences of active movements and changes 
in the shape of the epidermal cells. Although 
the caudal epidermal cells change shape 
during tail resorption, it has not been possible 
to demonstrate conclusively that the epider- 
mis can actively contract. 

In the experiments with trypsin, the epi- 
dermal cells did not dissociate like the muscle 
and notochordal cells during the shortening 
of isolated tails. The intercellular attach- 
ments in the epidermis are evidently more 
resistant to the enzyme. 

The failure of trypsin to evoke complete 
tail resorption in larvae and isolated excised 
tails treated immediately after hatching 
suggests that the dissociation of cells beneath 
the epidermis alone, may not be enough to 
cause .complete tail resorption or shortening 
in B. villosa. It is possible that immediately 
after hatching some mechanism is not yet 
competent to exert a force on the separated 
tail tissues and propel them into the trunk. 
This competence may develop only some 
hours later. The mechanism may reside in 
the epidermis of the tail. 

The following tentative hypothesis is pro- 
posed as an explanation of tail resorption in 
pyurids and styelids: After larvae are stimu- 
lated to metamorphose a proteolytic enzyme 
is secreted at the base of the tail which causes 
directly or indirectly the local breakdown of 
the notochordal sheath and _ intercellular 
cementing substances. The enzyme gradually 
moves toward the tip of the tail and alters 
intercellular cohesive substances at the sur- 
faces of all the cells in the tail except the 
epidermis. Simultaneously the epidermal 
cells are stimulated to change shape if they 
have reached a state of competence. The 
epidermis exerts a mechanical force begin- 
ning at the base of the tail which causes the 
tail tissues to move into the posterior end 
of the trunk. 

It is suggested that in A. callosa the proxi- 
mal end of the notochordal sheath is ruptured 
by a hydrolytic enzyme with the consequent 
release of the matrix in its lumen, but with- 
out the release of the notochordal cells. A 


contraction of the epidermis forces the other 
caudal tissues into a coiled unit, as they are 
moved into the posterior end of the trunk. 

Further work must be done to analyze the 
process of tail resorption in different species 
of ascidians. Assuming the basic mechanisms 
are similar, the differences in the pattern of 
resorption should draw attention to the fun- 
damental or essential features of the 
processes. An electron microscopic study of 
this subject is in progress. 


ACKNOWLEDGMENTS 


I am especially grateful to Dr. Robert L. 
Fernald, Director of Friday Harbor Labo- 
ratories, for encouragement and counsel of- 
fered during the development of this study. 

I would like to thank Dr. W. S. Hsu, Dr. 
A. H. Whiteley of the Dept. of Zoology, Dr. 
Edward Roosen-Runge and Dr. R. L. Wood 
of the Dept. of Anatomy, University of Wash- 
ington, for many valuable suggestions. I 
greatly appreciate the training received in 
electron microscopy in the laboratories of 
Dr. H. S. Bennett of the Dept. of Anatomy, 
University of Washington. 


SUMMARY 


1. Histological and experimental evidence 
indicates that the resorption of the tail of 
B. villosa begins proximally and_ progresses 
distally. 

2. The sheath at the anterior end of the 
notochord ruptures at the beginning of tail 
resorption. The matrix and cells of the noto- 
chord flow into the body cavity of the trunk. 

3. The muscle cells shorten and buckle as 
the tail shortens; the myofibrils of these cells 
become disarranged. Therefore, they prob- 
ably do not cause the shortening of the mus- 
cle cells. 

4. Experimental removal of the distal por- 
tion of the larval tail of B. villosa before 
metamorphosis showed that excised distal 
halves of tails normally cannot shorten al- 
though the tissues continue to live for several 
days. The proximal halves of the same tails 
continuous with the trunk are resorbed when 
the trunk tissues undergo metamorphosis. 

5. Fragments of the tails excised within 
the proximal region of shortening after the 
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beginning of metamorphosis will shorten in 
isolation. These findings indicate that the 
mechanism of shortening resides within the 
tail tissues themselves. 

6. Fragments of tails excised posterior to 
the region of shortening after the beginning 
of metamorphosis normally do not shorten in 
isolation. This experiment indicates that the 
shortening process can be interrupted after 
it starts. 

7. Excised tails of larvae of B. villosa older 
than 6 hours will shorten if treated with solu- 
tions of trypsin and chymotrypsin. The short- 
ening proceeds from the cut surface of the 
tail toward the tip. The enzymes also induce 
metamorphosis in whole larvae older than 6 
hours. 

8. It is suggested that a hydrolytic enzyme 
is normally involved in the phenomenon of 
tail resorption—that it weakens the inter- 
cellular binding forces between the muscle 
and notochordal cells and causes their sepa- 
ration. Histological observations point to the 
microblasts located at the base of the tail as 
the possible origin of this enzyme. 

9. The epidermis exhibits morphogenetic 
activity in such phenomena as the resorption 
of the adhesive papillae, the formation of an 
invagination behind the tail tissues near the 
end of tail resorption and in the formation 
of ampullae. 

10. A hypothesis is proposed to explain tail 
resorption through the interaction of a hydro- 
lytic enzyme and the contraction of the epi- 
dermis. 
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EXPLANATION OF FIGURES 


KEY TO ABBREVIATIONS 


MC, muscle cell 
MY, myofibril of 


: 
muscle cell 


AP, adhesive papilla 


AS, rudiment of atrial 
siphon 


N, notochord 
NC, notochordal cell 
NH, neurohypophysis 
NU, nucleus 


NP, nuclear pore 


BC, body cavity 

BS, rudiment of 
branchial siphon 

CV, cerebral vesicle 

E, epidermis 

EC, epidermal collar 


EI, epidermal NS, notochordal sheath 


invagination 
EN, endodermal 
strand 


NV, nerve tube 


OP, pigment granule 
of ocellus 


OT, otolith 


PM, plasma membrane 


ER, endoplasmic 
reticulum 


FS, filaments of 


notochordal sheath PR, pharyngeal 


rudiment 
PY, proteid yolk 


S, sarcolemma 


G, Golgi apparatus 
IF, intracellular 
filaments 


L, lumen of notochord TI, inner layer of tunic 


LY, lipoidal yolk of 


muscle cell 


TO, outer layer of 
tunic 


M, mitochondria VG, visceral ganglion 


PLATE 1 


The diagrams illustrate many of the major 
changes which take place in the initial stages of 
metamorphosis of Boltenia villosa. All diagrams 
are seen in dorsal view. Further explanation in 
text. 


X 180. 

. 2-3 minutes after beginning of metamorphosis. 
180. 

. 10-12 minutes after beginning of metamorphosis. 
180. 

. 20-30 minutes after beginning of metamorphosis. 

X 180. 


1. Larva. 


PLATE 2 


Photomicrographs of Boltenia villosa larva 


5. Sagittal section of larva cut slightly to the right 


of the median sagittal plane. Double arrows indi- 
cate the approximate level of the branchial 
siphonal rudiment. Single arrow indicates approxi- 
mate level of the atrial siphonal rudiment. X 620. 


6. Frontal section of tail of fully developed larva 
showing matrix filled lumen of notochord (L), 
notochordal cell (NC), muscle cells (MC), and 
lipid yolk (LY). X 620. 


7. Cross section of larval tail. The notochord 
forms the central axis of the tail. The nerve tube 
(NV) is dorsal to the notochord. The endodermal 
strand (ES) is ventral. Six rows of muscle cells 
(MC) extend along the lateral surfaces of the 
notochord. The epidermis (E) forms a simple 
epithelium of varying thickness. X 840. 


PLATE 3 


8. Electron micrograph of the larva of B. villosa 
showing longitudinal section of portion of noto- 
chord and muscle cell. Filaments of the noto- 
chordal sheath (FS) lie near the plasma membrane 
of a notochordal cell. Beneath the plasma mem- 
brane are intracellular filaments (IF). The 
endoplasmic reticulum (ER) and Golgi apparatus 
(G) are well developed in notochordal cells. 
Membrane bound proteid yolk (PY) granules of 
various sizes are distributed throughout the cyto- 
plasm. The nuclear envelope is perforated by 
nuclear pores (NP). The lumen of the noto- 
chord (L) contains a matrix of low electron 
density. X 24,000. 


PLATE 4 


9. B. villosa larva, living specimen, before the 
beginning of metamorphosis. X 130. 


10. B. villosa, living specimen, 7-8 minutes after 
beginning of metamorphosis. X 130. 


11. B. villosa, living specimen, about 10 minutes 
after beginning of metamorphosis. The outer layer 
of tunic has been cast off. The inner layer of 
tunic covers the entire organism. X 130. 


12. B. villosa, living specimen, about 15 minutes 
after the beginning of metamorphosis. X 130. 


13. Longitudinal section through anterior tail 
region of Pyura haustor shortly after beginning of 
metamorphosis. The proximal portion of the tail 
exhibits marked histological changes. The muscle 
cells (MC) are buckled anteriorly, but relatively 
unchanged distally. Myofibrils (MY) are folded 
within the muscle cells. Notochordal cells (NC) 
are beginning to pass into the body cavity from 
the sheath (NS). X 470. 


14. B. villosa, sagittal section, 10-12 minutes after 
beginning of metamorphosis, All of the muscle 
cells (MC) have undergone shortening and 
buckling. Folds of the muscle cells are more 
numerous next to the notochord than next to 
the epidermis. Most of the notochordal cells 
(NC) have passed from the sheath (NS) into the 
body cavity of the trunk. Epidermal cells form a 
thickened ring or collar (EC) around the base of 
the tail. The pharyngeal rudiment (PR) shortens 
along its anterioposterior axis and increases in 
diameter. The body cavity (BC) has temporarily 
enlarged in the anterior trunk region. X 470. 
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PLATE 5 


15. Electron micrograph of B. villosa showing early 
changes in the tail during resorption. The muscle 
cell on the right is beginning to develop folds. 
Myofibrils (MY) lie near the sarcolemma (S) as 
in the larva. Filaments of the sheath (FS) have 
become disarranged and are cut at different angles 
in this section. As the notochordal cells round up 
due to the shortening of the tail the layer of intra- 
cellular filaments beneath the plasma membrane 
of the notochordal cells increases in thickness 
(IF). X 41,000. 


PLATE 6 


16. B. villosa, median sagittal section, 20 to 30 
minutes after beginning of metamorphosis. The 
anterior body cavity has been reduced in size by 
movements of the pharyngeal rudiment. The rudi- 
mentary branchial (BS) and atrial siphons (AS) 
have moved closer together with the shortening of 
the trunk. The epidermal collar seen at earlier 
stages is no longer prominent. An invagination of 
the epidermis (EI) behind the resorbed tail tissue 
has formed and become partially filled with the 
inner layer of tunic from the tail. Resorbed 
tissues of the nerve tube (NV) and endodermal 
strand (EN) retain their dorsal and ventral posi- 
tions at this stage. The cerebral vesicle (CV) has 
become reduced in size. The collapsed noto- 
chordal sheath (NS) no longer contains cells. 
X 620. 


17. B. villosa, frontal section, approximately the 
same stage as Fig. 16. A few resorbed muscle 
cells (MC) are clearly visible. Notochordal cells 
(NC) lie close to the pharyngeal rudiment (PR). 
The sheath (NS) is collapsed and folded. The 
body cavity (BC) has shifted to the posterior 


region of the trunk. X 620. 


PLATE 7 
Photomicrographs of Ascidia callosa 


18. Longitudinal section of larval tail. The cells 
of the notochord (NC) form a membrane within 
the notochordal sheath. A matrix filled lumen (L) 
extends through the center of the notochord. 
Muscle cells (MC) lie next to the notochord. A 
few spherical proteid yolk granules are visible in 
the epidermis (E). X 470. 


19. Cross section of the larval tail. Six rows of 
muscle cells (MC) surround the notochord. The 
hollow nerve tube (NV) lies dorsal to the noto- 
chord. X 470. . 

20. Sagittal section through the posterior region 
of the trunk in advanced stage of tail resorption. 
The muscle cells (MC), notochordal cells (NC). 
and nerve tube (NV) are formed into a coil dur- 


ing tail resorption. The epidermis forms an in- 
vagination behind the caudal tissue. X 470. 

21. Cross section through the resorbed tail tissues 
at approximately the same stage of tail resorption 
as Fig. 20. Individual notochordal cells (NC) are 
located within the notochordal sheath but the 
matrix of the notochord has escaped into the body 
cavity. Muscle cells (MC) remain attached to 
the sheath during the initial shortening of the tail. 
X 470. 


PLATE 8 


Experimental studies with B. villosa 


22. Muscle cells isolated from excised larval tail by 
treatment with a solution of trypsin and applica- 
tion of slight pressure under a cover slip. Lipid 
yolk granules (LY) are visible in each cell. X 470. 


23. Isolated notochordal cells (NC) following 
treatment of excised tails with a solution of trypsin. 
X 230. 


24. Tail fragment from larva. Excised tails fail 
to shorten with or without treatment with Janus 
Green B. They continue to twitch sporadically 
for several days, finally disintegrating without 
shortening. X 95. 

25. Metamorphosis progresses without special treat- 


ment following the excision of the distal 1/3 of the 
tail. Postlarval development is not adversely 


affected by removal of the tail. X 95. 


Figs. 26-28 demonstrate the result of treatment of 
fully developed living larvae (posthatching age 


about 15 hours) with a solution of crystalline 
trypsin. 

26. Larva with excised tail immediately after being 
placed in solution of enzyme. X 95. 

27. After 5 minutes. Changes in the excised tail 


appear to begin at the cut surface and progress 
distally. X 95. 


28. After 30 minutes. 
notochordal cells escape from 
sheath. X 95. 


Figs. 29-30 demonstrate the results of treatment of 
newly hatched living larvae (posthatching age 
about one hour) with a solution of crystalline 
trypsin. 

29. Larvae older than about 6 hours are induced 
to metamorphose by trypsin, but newly hatched 
larvae respond differently. The tail and adhesive 
papillae are incompletely resorbed even after treat- 
ment for 1 hour. X 95. 


30. The response of the excised tail to trypsin is 


As the excised tail shortens 
the notochordal 


* different from that exhibited in older larvae (Figs. 


26-28). The muscle cells appear to dissociate but 
the notochordal cells are not extruded from the 
cut end of the sheath. The epidermis does not 
seal over the cut surfaces. X 225. 
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THE REGULATION OF CRUSTACEAN METAMORPHOSIS 


L. M. Passano 
Department of Zoology, Yale University 


Nothing whatsoever is known of the en- 
docrinology of crustacean metamorphosis. In 
spite of the recent advances in our knowledge 
of growth-controlling systems of the mala- 
costracans, and the increasing certainty of 
the close parallels between the major arthro- 
pod groups, there is little save conjecture to 
report about metamorphic control. This is 
certainly a transistory situation. It is reason- 
able to expect this gap to be filled, and it is 
the aim of this review to stimulate work to 
fill it. 

Since their sequential growth patterns rep- 
resent the main aspects of crustacean meta- 
morphosis (Snodgrass, 1956), it follows that 
metamorphic control in this class will be 
closely akin to their growth control mecha- 
nisms. There is now general agreement on the 
major outlines of growth endocrinology in 
the higher crustaceans; thus it seems appro- 
priate to precede any speculation with a 
summary of these hormonal mechanisms. 
From this, I will suggest ways of attacking 
the specific problems of metamorphic control 
in these arthropods. First of all, however, it 
is necessary to examine the sort of changes 
which have been called crustacean metamor- 
phoses, for by some criteria these changes are 
not metamorphoses at all. 


CRUSTACEAN METAMORPHOSES 


Within the arthropods the classic meta- 
morphic changes — adaptations temporarily 
assumed by the young but with neither phylo- 
genetic significance nor adult use (Snodgrass, 
1956)—are those involving the development 
of specialized, feeding, larval instars of the 
holometabolous insects. These metamorphic 
characters are then discarded in the penulti- 
mate and ultimate molts, during which time 
the larva changes into a pupa and then the 
latter emerges as a winged adult. These 
dramatic changes back to that of the typical 
insects are also called the metamorphosis 





Some of the experiments reported here were per- 
formed at the Biological Station, University of 
Bergen, Espegrend, Norway. 


of the insect, as are the somewhat similar 
changes which mark the final ecdysis of many 
of the hemimetabolous orders. Metamorphic 
changes are thus either the development of 
a caterpillar from an egg laid by a butterfly 
(to use a clear-cut example), or the develop- 
ment of the butterfly pupa and imago from 
the caterpillar, or both, depending on how 
restrictively you define the term. 

Now crustaceans do not, as a rule, show 
extreme larval specialization. Changes in 
form certainly do occur in the typical pro- 
gression from zoea through megalops to sexu- 
ally mature crab, for example, but these 
changes are progressive, occur mainly in the 
first fraction of the total lifespan of the ani- 
mal, and have, at least vaguely, some phylo- 
genetic implications. The decapod zoea is a 
precociously hatched embryo compared to a 
first instar caterpillar. The more generalized 
nauplius larva found in euphausids and a few 
penaeid decapod malacostraca as well as 
widely occurring among  entomostracan 
orders, is an earlier developmental stage yet. 
They may not feed at all, and certainly are 
not specialized for feeding as is the larval 
insect. There is no general crustacean phe- 
nomenon comparable to the emergence of 
a grub from an insect egg; if one follows 
strictly the 1956 definition of Snodgrass, 
crustacean metamorphosis does not occur. 

This definition of metamorphosis, however, 
seems too restrictive. There is a resemblance 
between the changes from megalops to tiny 
adult form crab and the wing and cuticular 
changes of the final instar Rhodnius. The 
crustacean phenomena are seemingly under 
the control of mechanisms analagous to those 
of insects. This more general sense of the 
term, meaning simply a pronounced change 
in form at a particular point in the animal’s 
life, will be used here. It can be applied to 
most crustaceans. Purely embryonic changes 
are excluded from this review, quite arbi- 
trarily. Physiological and behavioral changes 
should also be included in any consideration 
of metamorphosis, even when parallel mor- 
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phological changes cannot be demonstrated, 
for in the interaction of form and function 
one change never occurs without the other 
at some level. Little is known yet of such 
changes, however. 

The types of metamorphosis found in 
crustaceans may be illustrated by considera- 
tion of some examples. Changes occur at all 
stages in the life history, but the most obvious 
cases are those marking the different larval 
types. Typically, crustacean larvae are the 
distributive phase of the life history. Large 
numbers of planktonic larvae are liberated, 
assuring colonization of suitable habitats in 
spite of very high mortality due both to ad- 
verse physical factors and to predation. The 
zoea larva is an adaptation to this transitory 
planktonic environment. Long spines, often 
barbed, serve both to discourage predators 
and to increase the surface to volume ratio, 
thereby reducing the sinking rate through 
the viscous water mass. The results of this 
tendency towards an increased area are some- 
times bizarre, as in the flattened phyllosoma 
larva of rock lobsters (Palinurus) or the ex- 
tremely elongated zoea of the porcellanid 
anomuran crabs, where the anterior and pos- 
terior spines may represent 80 per cent of 
the total length. But even in less extreme 
forms, these spinous larvae show transitory 
adaptive morphological changes which are 
metamorphic by any definition. 

After several zoeal instars the crab larva 
metamorphoses into the megalops stage. Here 
the changes are mainly anamorphic. The 
spination is reduced, the cephalothorax 
broadens and the abdomen is partially re- 
duced toward the vestigial condition of the 
adult form. The progressive differentiation 
of the thoracic appendages is continued. This 
megalops is a transitional form between the 
planktonic zoea and the bottom-living adult, 
necessitated, perhaps, by the extreme mor- 
phological specialization of the crab form. 
In the natantians no such intermediate type 
is necessary; the schizopod (or even the pre- 
cociously hatched nauplius of Penaeus or 
Lucifer) develops gradually into the adult 
shrimp. 

Morphological changes also occur at sexual 
maturity. For example, in certain forms there 


are not only gross morphological differences 
between sexes with respect to the copulatory 
or the egg-carrying structures and append- 
ages, but there are also secondary sexual 
characteristics such as overall size or propor- 
tions of the chelipeds (Homarus, Uca, etc.). 
These changes may occur gradually, or they 
may, as in the case of the maturation molt of 
the female blue crab Callinectes sapidus, ap- 
pear at a single ecdysis. When abrupt physi- 
ological changes occur with the onset of 
reproduction, as in the changed osmotic regu- 
lation of female Eriocheir coincident with 
their return to the sea prior to ovulation, one 
would expect to find functional metamor- 
phosis occurring comparable to that in sal- 
mon or eels. 

The most spectacular metamorphoses of 
crustaceans are those involving specialized 
sedentary or parasitic groups. In certain 
cases the larval form remains recognizably 
crustacean but the adult appearance is com- 
pletely changed, as in the various barnacles, 
the isopod Bopyrus or the rhizocephalian 
parasites. Again (in a manner quite anala- 
gous to certain parasitic insects) there are 
many examples among the monstrillid cope- 
pods of endoparasitic larval stages where 
metamorphosis has hidden all crustacean af- 
finities, yet where the adult reverts to a typi- 
cal copepod appearance. 

One of the most interesting examples of 
crustacean metamorphogenesis is found in the 
oyster crab, Pinnotheres ostreum. Christen- 
sen and McDermott (1958) have recently 
described how miniature first crab stages of 
both sexes enter the water circulation system 
of the host oyster and remain there through 
several molts. This first stage, termed by 
these authors the “invasive stage”, is spe- 
cialized for a free-swimming existence as well 
as for entering the host. Its carapace is hard 
and flattened and its third and fourth pairs 
of periopods are modified by flattening, by 
powerful muscles and by long setae to be 
swimming appendages. After entering the 
host this minute invasive stage metamorpho- 
ses into the first “prehard stage”. This has 
a more rounded carapace with a thin flexible 
exoskeleton, the legs are slender and _ not 
equipped with swimming muscles or hairs. 
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Clearly the prehard stages (there are several) 
show metamorphic changes adaptive to their 
habitat. 

After several prehard stages the crabs, now 
1.3 to 2.7 mm wide (or wider in the males) 
metamorphose again, back to a swimming 
stage called the “hard stage”. Save for their 
larger size, they are very similar to the in- 
vasive stage; in fact, until Christensen and 
McDermott’s work, there was no realization 
that the hard stage crabs were not the initial 
stage in the oyster. The hard stage is the 
final instar for the males. They copulate at 
this time and then die, almost always without 
a further ecdysis. Hard stage females meta- 
morphose again into their final familiar, soft 
and rounded pea crab condition, showing 
four successive post-hard stages until sexual 
maturity is achieved. 


CRUSTACEAN GROWTH ENDOCRINOLOGY 


Nothing is yet known of the hormonal con- 
trol of crustacean metamorphosis although it 
is presumed to be so regulated. It seems 
likely that the specific metamorphic changes 
already considered, as well as others unmen- 
tioned or unrecognized, will be found to be 
coordinated by the specialized adaptation of 
hormonal mechanisms otherwise utilized for 
overall growth control. 

Growth in crustaceans, as in other arthro- 
pods, depends on the periodic renewal of the 
exoskeleton in a coordinated sequence of 
events known as the molting cycle (see 
Carlisle and Knowles, 1959; Passano, 1960). 
In malacostracans and especially in decapods 
the molting cycle is divisible into a series of 
stages depending primarily on the state of 
the exoskeleton. In addition to the actual 
shedding (ecdysis) of the old cuticle there 
are preliminary stages of partial resorption of 
the old shell with simultaneous formation of 
the new exoskeleton before the ecdysis, and 
stages of enlargement, calcification and 
energy stores restitution subsequent to the 
shedding. These are the Drach stages of 
the intermolt cycle. The entire process in- 
volves most of the organs and tissues of the 
animal, and, during periods of active growth, 
goes on continually. 

Initiation of molting is dependent upon the 


activation and secretion of crustacean molt- 
ing hormone—called crustacean ecdysone— 
for a certain period of time at the commence- 
ment of the preecdysial stage. Although the 
chemical structure of this hormone is not yet 
known, apparently it is quite similar to insect 
ecdysone, for a product isolated from shrimp 
cephalothorax by the same procedures as 
have been used for the isolation of insect 
ecdysone will initiate ecdyses in insect bio- 
assays. 

In all malacostracans there are a pair of 
glands lying just under the epidermis of the 
maxillary or mandibular segments of the 
cephalothorax. These glands, named the 
Y-organs by their discoverer, Gabe (1956), 
show a striking histological resemblance to 
the insect prothoracic glands. The Y-organs 
are neither obviously innervated nor pro- 
vided with secretory ducts. They show cycli- 
cal secretory activity correlated with the in- 
termolt cycle, with most secretory activity 
coming during the first portion of the pro- 
ecdysis stage. There appears to be no storage 
of secretory material in the glandular tissue 
(Gabe, 1956; Karlson and Skinner, 1960). 

In crabs these glands are large, compact, 
easily detected and easily removable. In the 
marsh crab Sesarma reticulatum the Y-organ 
can be demonstrated by removing a square 
of the cuticle and epidermis beneath the orbit 
(Fig. 1). The slightly yellowish color of the 
gland helps distinguish it from the adjacent 
bluish mandibular muscles which insert on 
the area surrounding it. Extirpation is as 
easily performed on any one of a number of 
species of crabs, but it is more difficult with 
crayfish as the Y-organs are not so compact. 
For even speedier removal, as wher. numbers 
are to be taken from sacrificed donors, the 
Y-organs can be removed from beneath the 
thin-walled lining of the branchial chamber. 

The physiological role of the Y-organs, 
postulated by Gabe, was demonstrated by 
Echalier (1959) in the shore crab Carcinus. 
He showed that proecdysis was blocked when 
both Y-organs were extirpated, while molting 
could be induced again by implanting glands 
into crabs previously deprived of them. Evi- 
dently the molting hormone is necessary for 
the initiation and first portion of proecdysis; 
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FIG. 1. In situ left Y-Organ of Sesarma reticula- 
tum. 


yet after that the rest of the intermolt cycle, 
including further proecdysis, ecdysis itself, 
and the postecdysial stages, can all occur in 
the absence of the gland or its product. These 
findings of Echalier have been confirmed now 
in several other species of crab (see Passano, 
1960). 

Echalier also clarified the relation between 
the Y-organ molting hormone and the molt- 
inhibiting hormone of the eyestalk pars 
ganglionaris X-organ. This X-organ consists 
of three or more types of neurosecretory cells 
whose axons end in the so-called sinus gland. 
The sinus gland is not glandular at all in the 
accepted sense of the term, but is made up 
of the enlarged axonal endings of these and 
other neurosecretory cells. Bilateral extirpa- 
tion of the X-organ, or more expeditiously 
the removal of both eyestalks entirely, elimi- 
nates the molt-inhibiting hormone and leads 
to precipitous ecdysis. But when the Y-organs 


are absent, no molting occurs. Evidently the 
molt-inducing effect of eyestalk removal is 
due to the activation of the molting gland. 
Normally, then, it appears that the initiation 
of ecdysis is under central nervous system 
control, the neurosecretory activity being the 
link between the nervous system and the 
endocrine system (Bliss, 1956). Reduction of 
the blood level of molt-inhibiting hormone 
removes the block preventing Y-organ ac- 
tivity, and they begin to form and release 
molting hormone. ‘Target tissues through- 
out the animal respond to the increased levels 
of molting hormone by entering proecdysis. 

The experimental results diagrammatically 
summarized in Figure 2 are typical of the 
evidence favoring this two step control ‘hy- 
pothesis. The cumulative percentages of 
ecdyses for several experimental groups of 
juvenile Carcinus (collected near Bergen, 
Norway) are plotted against time in days. 
Although some spontaneous molting is occur- 
ring (“Controls”) there is much greater molt 
initiation among those crabs (“Eyestalkless” ) 
whose own Y-organs have been activated by 
removal of both of their eyestalks. There is 
also much more molting in the group (“Acti- 
vated Y-organ implants’) given two to four 
Y-organs from eyestalkless donors. On the 
other hand, no crabs enter proecdysis after 
their Y-organs are removed, no matter 
whether their eyestalk X-organs are present 
or not. The molt-inducing effect of eyestalk 
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FIG. 2. Diagrammatic representation of the results 
of experimental initiation of ecdysis in juvenile 
Carcinus maenas, in midsummer. ‘“Y-organless” 
added from other data. 
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removal is mediated by way of the Y-organs. 

Incidentally, these experiments indicate 
that juvenile European shore crabs during 
midsummer are not, as has been claimed 
(Carlisle and Knowles, 1959) , normally molt- 
ing at their maximum rate and that their 
molt-inhibiting hormone is not functional. 
There is no reason to assume different regu- 
latory mechanisms for the brachyurans on 
either side of the Atlantic. 

It is important to use activated Y-organs 
for implantation into either normal or 
Y-organless animals. As already noted, little 
if any molting hormone is stored in the 
Y-organ. This is not an unexpected finding, 
since there is little hormonal storage in insect 
endocrine glands (Karlson and Skinner, 
1960). But crustaceans do store their neuro- 
secretory products in the sinus glands and 
other neurohemal organs. 

Y-organ activation is by no means the only 
hormonal effect of bilateral eyestalk removal. 
There is some evidence, as yet inconclusive, 
for a molt-accelerating hormone from the 
eyestalk. It may accelerate the final stages 
of proecdysis by initiating the marked uptake 
of water just prior to shedding of the old 
exoskeleton. Eyestalk removal also causes a 
marked increase in the oxygen consumption 
of decapods and a concurrent drop in the 
R.Q. Inexperiments carried out with Sesarma 


NORMAL 


I have found that the oxygen consumption 
rise which follows bilateral eyestalk removal 
still occurs even though the Y-organs are 
absent (Fig. 3).' Since removal of both 
Y-organs alone has no significant effect on 
oxygen consumption, it is evident that this 
effect of eyestalk removal is separate and 
distinct from the initiation of proecdysis fol- 
lowing loss of the source of molt-inhibiting 
hormone. 

It would be interesting to subject the other 
so-called eyestalk hormone effects to the pres- 
ence or absence of the Y-organs. Would 
details of size increase, exuvial content and 
gonadial growth be identical in ecdyses after 
eyestalk removal and after implantation of 
activated Y-organs? 

Since the Y-organs are not needed for any 
of the molting cycle except the first one-third 
to one-half of proecdysis, there is no evidence 
that the crustacean molting hormone does 
anything save initiate the proecdysial response 
of the epidermis and other target tissues. 
Unlike its insect counterpart, crustacean 
ecdysone does not appear to trigger nuclear 
divisions. It is thus a general “growth hor- 
mone” only in the sense that growth in over- 
all size is dependent on periodic molts. It 
does initiate specific growth of the epidermis 





1 Determinations of O, consumption were per- 
formed by Mr. Burton Alter. 
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that leads to simultaneous formation of new 
cuticle and resorption of the old, but the rest 
of the molt cycle continues independent of 
the Y-organs. 


THE PROBLEM OF METAMORPHIC CONTROL 


Elsewhere I have suggested (Passano, 
1960) that the parallelism between insect and 
crustacean endocrine mechanisms may ex- 
tend to an as yet undetected “crustacean 
juvenile hormone” produced by an analogue 
of the corpus allatum. There is no direct, 
and little indirect, evidence for this sugges- 
tion, yet the close similarities that are found 
elsewhere in the hormonal activities in these 
classes makes the idea a plausible and attrac- 
tive one. What is now needed is more direct 
evidence for such a hormone, which, in con- 
cert with the molting hormone, could regu- 
late crustacean metamorphosis. 

How should we go about gathering this 
evidence? Within the past several years nota- 
ble advances have been made in the tech- 
nique of rearing larval crustaceans in the 
laboratory (Costlow and Bookhout, 1960). 
Consequently larval metamorphoses may now 
be studied experimentally. In the future it 
is probable that axenic culture will be 
achieved, but this will scarcely be needed 
at first. What does need to be done at once 
is to confirm the hypothesis, derived from the 
work with insects, that crustacean metamor- 
phoses are under hormonal control. If this 
supposition is correct, it should be possible 
to interfere with the normal control ma- 
chinery by inducing supernumerary molting 
with crustacean molting hormone. Schemes 
for partial purification of (insect) molting 
hormone have been published and injection 
of small amounts of such concentrates into 
zoea should be feasible. 

Another approach to the demonstration 
of a crustacean juvenile hormone would be 
to test the effect of insect juvenile hormone 
on final stage zoea or megalops larvae. Lo- 
calization of the source of crustacean juve- 
nile hormone within the larvae seems less 
likely of easy achievement, since it is unlikely 
to be stored in the glandular tissue, but a 
careful histological investigation of the pro- 
ecdysial stages of zoea might disclose appro- 


priate glandular activity. Incidentally, the 
larval Y-organ has not yet been studied, 
although it is known that early Crangon 
larvae have an X-organ (Dahl, 1957). Stor- 
age of neurosecretory material by the sinus 
gland appears later in larval development 
(Pyle, 1943). 

Although metamorphic changes are not as 
clearcut in the adult forms of most mala- 
crustaceans as they are in their larvae, in- 
vestigation of particularly favorable cases 
may illuminate, by reflection as it were, the 
basic problem. Several examples of such 
metamorphoses have been mentioned above. 
Although female blue crabs normally show 
an abrupt change in abdominal shape when 
sexual maturity is reached at the final molt, 
usually (but not in every case) this change 
does not occur in a forced ecdysis following 
artificial Y-organ activation. The Y-organs 
of this crab remain in the mature female, 
although the animal never molts again, but 
in other decapods the end of molting may 
cause, or be caused by, atrophy of the molt- 
ing glands (Carlisle, 1957). This atrophy is 
another example of metamorphic change 


which is probably regulated by hormonal 
interaction. A relatively minor metamorphic 
change occurs seasonally in the intromittent 
appendages of male crayfish; perhaps this is 
related to alternations in activity of the an- 
drogenic glands. 


The methods described for following 
ecdyses of Pinnotheres within oysters, com- 
bined with techniques for rearing their larvae 
to first crab stage, should make it possible to 
study the effects of experimental manipula- 
tion of molting hormone in invasive and pre- 
hard stages. This would best be done in 
collaboration with a marine laboratory where 
oysters are being reared under carefully con- 
trolled conditions. A major difficulty of this 
otherwise very promising approach to these 
interesting metamorphic changes is the small 
size of the early crab stages, but the injection 
techniques used by insect embryologists and 
endocrinologists would make use of this ma- 
terial possible. They are larger than zoea, at 
any rate. 

No mention has been made of the meta- 
morphic changes of parasitic crustaceans, pri- 
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marily because of the great difficulties that 
might be experienced in using animals such 
as the parasitic copepods or bopyrid isopods. 
Unfortunately, it is also true that our present 
ignorance of the endocrinology of any of the 
non-malacostracans discourages their use as 
experimental material. Eventually, the ob- 
vious rewards of a comparative study of 
metamorphic mechanisms of various crus- 
taceans and all arthropods will outweigh the 
grave obstacles in the experimenter’s path. 


SUMMARY 


Metamorphic changes often occur in crus- 
tacean development. While many of these 
changes are linked to the progressive develop- 
ment of the adult form, some are temporary 
adaptations to transient habitats or behavior. 
Crustacean metamorphoses differ from the 
classic insect metamorphoses only in their ex- 
tent and duration. They are primarily adap- 
tive to a dispersive stage rather than to a 
feeding stage. 

Assuming that metamorphic control in- 
volves the specialized use of growth regula- 
tory mechanisms, the latter are reviewed in 
the malacostracans. The primary role is 
played by the Y-organ molting hormone, 
which is regulated in turn by the eyestalk 
X-organ. Other metabolic effects than molt 
initiation following eyestalk removal, such 
as the increase in oxygen consumption, are 
not mediated by way of the Y-organs. 

Current advances in laboratory culture 
techniques for decapod larvae, and recent 
progress in arthropod endocrinology, promise 
resolution of the basic mystery of crustacean 
metamorphic control. 
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One would not regard metamorphosis as 
being a fundamental characteristic of fish in 
the sense that it is of Amphibia or of many 
invertebrate groups, yet it is certainly an 
important element of the life-history of a 
number of them (Bertin, 1957) and it is 
the more worth while considering because 
of its sporadic appearance, for this presents 
us with a direct invitation to enquire into its 
nature and into the way in which it has 
evolved out of simpler life-cycles. 

I should like to begin by considering from 
this point of view the Atlantic salmon, Salmo 
salar (Jones, 1959). This spawns in Novem- 
ber or December, and the young fish 
(alevins) hatch some three or four months 
later. Passing through the stage of fry (fin- 
gerlings), they grow into parr which are 
characterised by dark spots distributed dorso- 
laterally and by a series of dark “parr-marks” 
down the side of the body. At this stage they 
spend a period of growth and feeding in the 
river, a period which ranges from one year 
at the more southerly limits of their distribu- 
tion to as many as eight years at the more 
northerly ones, and they then migrate down- 
stream into the sea as smolts. The latter 
stage is derived from the parr by a meta- 
morphic change called “smolt-transforma- 
tion”. This involves a silvering of the body 
in which the parr-marks become obscured 
by a deposition of guanine, a well-defined 
morphological change which, it is thought, 
may reflect the need for a different type of 
cryptic coloration in the open sea which the 
smolt will inhabit. In addition to this, how- 
ever, there are a number of internal changes 
(Fontaine, 1954; Hoar, 1953), including a 
marked fall in the glycogen content of the 
liver and in the total lipid content of the 
body, a rise in the iodine content of the 
blood, a greater variability in its chloride 
content and a fall in the chloride content of 
‘the muscle. At the same time, and as might 
be expected in a migratory stage, the smolt 
is much more active and shows an increased 
oxygen consumption. Moreover, when it 


arrives in the sea it is able to osmo-regulate 
more successfully than the parr, and it is, 
in consequence, much more resistant than 
the latter to high salinity (Parry, 1960). In 
fact, Hoar has argued that the biochemical 
changes which mark the transformation of 
a parr into a smolt can all be interpreted 
as tending to make its tissues more like those 
of a marine fish than those of a freshwater 
one. 

Metamorphosis has been defined by one 
recent author as a striking alteration in form, 
concentrated into a short period of time, and 
often associated with the transformation of 
the juvenile stage into the adult. Form, how- 
ever, is an expression of function, and in the 
salmon we have an example of a metamor- 
phosis which is none the less real because 
the emphasis happens to be upon the latter. 
There can be no question but that the smolt 
is a different sort of fish from a parr, adapted 
for living in quite a different habitat, but 
because its life still remains, so to say, funda- 
mentally fishy, its external morphological 
transformation is relatively slight. 

What, then, car we discover as to the 
biological mechanisms which underlie this 
metamorphosis? Our experience in the analy- 
sis of changes such as these, which affect all 
parts of the body, leads us to look for the 
involvement of the endocrine glands and our 
experience with Amphibia encourages us to 
pay particular attention to the thyroid gland. 
In the present case the evidence certainly 
points to that gland’s playing an important 
part in smolt-transformation, for it is very 
well established that it shows clear signs of 
increased activity at this stage (Hoar, 1939). 
There is an increase in the height of the 
epithelial cells, commonly regarded as in- 
dicating increased secretory activity, while 
the number of cells and of follicles also in- 
crease, so that there is a real hypertrophy of 
the gland. At the same time the stored col- 
loid disappears from the lumen of the folli- 
cles, an indication that there is an increased 
demand for thyroid hormone and that there 
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FIGS. 1-6. Influence of thyroid treatment upon 
rainbow-trout parr (Salmo gairdnerii). From 
Robertson, J. Exp. Zool., 1949. 


FIG. 1. Control parr; the parr marks in this speci- 
men are obscured in the photograph by the dermal 
pigmentation. 

FIG. 2. Experimental animal after receiving in- 
jections of hog thyroid extract three times weekly 
for seven weeks; it has acquired the appearance 
of a silvery smolt. 


FIG. 3. Scale of control parr; guanine crystals are 
very sparse. 


FIG. 4. Scale of experimental animal; the dense 
deposit of guanine crystals appears as a dark 
shadow. 


FIG. 5. Skin taken from junction of flank and 
belly of control parr, showing large numbers of 
fully expanded melanophores. 


FIG. 6. Skin of experimental animal taken from 
the corresponding region, showing reduction in 
number of melanophores and disintegration of the 
remainder. 
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is no longer any surplus for storage. How 
long this hyperactivity continues is not clear, 
but it seems that it starts to diminish in June; 
owing to the fact that the animals disappear 
into the sea it is impossible to follow their 
further history in detail, but it appears that 
smolt which are forced to remain in fresh 
water retain fairly active thyroids during the 
summer and that considerable involution of 
the glands becomes evident during the 
autumn. 

It would appear, then, that smolt-transfor- 
mation involves an increased demand for thy- 
roid hormone, and in order to judge the 
significance of this we must consider what are 
the known effects of such an increase in these 
fish and in their non-metamorphosing rela- 
tives. Here, unfortunately, our argument is 
complicated by the fact that we cannot feel 
sure as to the evolutionary history of the 
salmonid fish. ‘Two recent authors take en- 


tirely opposed views on this matter, Hoar ac- 
cepting the arguments originally advanced by 
Tchernavin in 1939, that they are primarily 
freshwater forms which have extended their 
feeding grounds into the sea, while Jones 
prefers to regard them as marine forms which 


have made use of the headwaters of rivers 
as a protected rearing ground for their young. 
I shall not discuss this problem here, since a 
decision one way or the other would not 
affect the general principles involved in our 
discussion, although it would naturally affect 
some of the details. It will be sufficient to 
follow Jones in agreeing that the Salmonidae 
is a family of recent origin and one which is 
of the greatest interest from our present point 
of view in that it is still undergoing active 
evolution. Its present distribution, which re- 
flects the inability of its members to with- 
stand high temperatures, must have been de- 
termined by the Pleistocene ice-ages, and it 
seems probable that the well-known genera 
Salmo, Salvelinus and the Pacific salmon 
Oncorhynchus would have arisen from a 
common ancestor at the beginning of the 
Pleistocene, perhaps up to a million years 
ago. 

The genus Salmo includes, in addition to 
Salmo salar, the European trout Salmo trutta, 
and its North American ecological equivalent 


Salmo gairdnerii (or S. irideus) the rainbow- 
trout. Both of these trout species have some 
forms which are exclusively freshwater and 
others which migrate into the sea; in Europe 
Salmo trutta includes the freshwater brown- 
trout and the migratory sea-trout, while S. 
gairdnerti includes the freshwater rainbow- 
trout and the migratory steelhead. Let us, 
then, examine to what extent these two 
species can be influenced by the thyroid 
gland, and to what extent this may evoke 
metamorphic changes. 

It has been clearly demonstrated that treat- 
ment of both of them with thyroid hormone 
promotes silvering of the body through de- 
position of guanine (Landgrebe, 1941; 
Robertson, 1949). Some rainbow-trout in 
Michigan migrate from the streams into the 
Great Lakes after two years and develop 
silvering at that time, while non-migratory 
ones remain in the streams and néver silver. 
Robertson found that if two-year old fish 
were given injections of thyroid extract they 
developed silvering, with some reduction of 
melanophores, and after seven weeks of treat- 
ment closely resembled those which had 
silvered naturally (Figs. 1-6). Essentially the 
same is true of Salmo trutta, for Landgrebe 
found that eighteen-month brown-trout be- 
came quite silvery after one month of thy- 
roid injections and outwardly resembled the 
so-called “sea-trout’”, which, as we have 
seen, are the migratory form of this species. 

It is well-established that the thyroid gland 
is under the control of the pituitary gland, 
the latter secreting a thyrotropic hormone 
which promotes the growth and activity of 
the former. Robertson found that rainbow- 
trout could be silvered by the injection of this 
hormone. and Landgrebe found that injec- 
tions ef anterior lobe extracts would have 
the same effect on yearling salmon parr. He 
was unable, however, to obtain this effect 
with the brown-trout and he attributed this 
to the fact that silvering did not normally 
occur in its life-cycle so that it would need 
greater stimulation than would the salmon 
parr, and perhaps greater than could be pro- 
vided by the output of its own thyroid, even 
when this was enhanced by the stimulus of 
pituitary injections. 
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It would be easier to understand the bear- 
ing of these facts upon the processes of meta- 
morphosis if we knew exactly what is the 
source of the guanine. This substance is of 
the greatest biochemical importance to the 
organism, for it is one of the purine bases of 
the nucleic acids; these are now well recog- 
nized as key substances in protein synthesis, 
and the appearance of guanine in the dermal 
tissues certainly suggests some disturbance of 
protein metabolism. Whether this is, in fact, 
the source of the intracellular guanine of 
fish has unfortunately not been determined, 
but there is other evidence that the thyroid is 
involved in protein metabolism, for we have 
found at Nottingham that immersion of rain- 
bow-trout in thyroxine solution markedly en- 
hances their growth both in length and in 
weight. The extent of this effect may be 
judged from the finding in one experiment 
that the thyroxine-treated fish increased in 
length by 21.7% in five weeks as compared 
with an 8.3% increase in the controls; corres- 
ponding figures for the increases in weight 
being 98.3% and 40.7%. Other relevant ob- 
servations are those of La Roche and Leblond 
on Salmo salar and Salvelinus fontinalis, the 


latter being the char of Britain and the brook- 


trout of North America. The effects of thy- 
roid treatment on young stages of these fish 
were found to include thickening of the fins 
and also of the epidermis and dermis, and de- 
formation of the head associated with hyper- 
lasia of the connective tissues (Figs. 7-12). 
Such growth effects do not exhaust the re- 
corded actions of the thyroid in fish, but to 
consider these we shall have to extend our 
view beyond the limits of the Salmonidae into 
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fish which do not show a true metamorphosis 
at all. For this I make no apology, for my 
argument is that it is in the physiological 
processes common to fish in general that we 
may expect to find the origins of their meta- 
morphic mechanisms. Firstly, then, let us 
take note of the increased metabolic rate of 
salmon smolt, for it is very well known that 
thyroid hormones have a markedly stimu- 
lating action upon the metabolism of mam- 
mals. Such an effect has proved extraordi- 
narily difficult to establish in fish, although a 
recent study by Hopper (1959) has given 
some evidence that thyroid treatment in- 
creases the oxygen consumption of Lebistes. 
Let us not forget, however, that the mam- 
mals are distinguished from poikilotherms by 
their much higher metabolic rate, so that the 
stimulatory effect of the thyroid might be 
correspondingly more marked in them and 
might, in fact, be a specialization directly re- 
lated to their homoiothermy. If this were 
so, then any metabolic effects of the thyroid 
in fish might be equally a product of some 
specialized relationship between its hormones 
and the functioning of some particular cell 
types. 

The possible influence of hormones upon 
osmo-regulation has an obvious relevance 
here, and this field has recently been dis- 
cussed by Baggerman (1960) with particular 
reference to the three-spined stickleback 
(Gasterosteus aculeatus) and the Pacific 
salmon (Oncorhynchus kisutch, the coho, and 
Oncorhynchus nerka, the sockeye). As re- 
gards_ the stickleback, certain populations of 
this fish migrate from the sea to fresh water 
early in the year in preparation for spawning, 





FIGS. 7-12. Influence of thyroid treatment upon 
salmon parr (Salmo salar). Control animals re- 
ceived a diet of horse liver and spleen, experi- 
mental ones a diet of half liver and spleen and 
half dried beef thyroid. The specimens illustrated 
in Figs. 10 & 12 had received this treatment for 
five months. From La Roche & Leblond, En- 
docrinology, 1952. . 

FIG. 7. Transverse section of dorsal surface of 
head of control parr; the darkly stained epidermis 
is at the top and the lightly stained dermis im- 
mediately beneath it. 

FIG. 8. Transverse section of dorsal surface of 
head of experimental animal; the thickness of the 
dermis is almost twice that of the control. 


FIG. 9. Transverse section of eye of control parr; 
note the relative positions of the edge of the retina 
(R) and the palpebral fold (L). 

FIG. 10. Transverse section of eye of experimental 
animal; note that the thickening of the dermis has 
caused an enlargement and extension of the pal- 
pebral fold. 

FIG, 11. Transverse section of the upper jaw of 
control parr; the epidermis is to the left and the 
lining of the buccal cavity to the right. 

FIG. 12. Transverse section of upper jaw of ex- 
perimental animal; the dermis is greatly thickened. 
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and return to the sea when reproduction is 
completed. These migrations are accom- 
panied by changes in salinity preference, and 
it has been shown that these preferences can 
be modified by immersion of the animals in 
thyroxine solution. For example, those in 
the sea, and showing therefore a preference 
for salt water, will develop a preference for 
fresh water within as little as three days after 
the beginning of the thyroxine treatment. 
Again, there is evidence both from Bagger- 
man’s work and that of others, that if young 
salmon or trout are treated with thyroid hor- 
mone they show an increased tolerance of 
salt water, a fact which fits very well with the 
observation that the thyroid of salmonids is 
hyperactive at the time of their migration 
down to the sea. Particularly important is 
the finding that these changes in salinity pref- 
erence and tolerance can be identified before 
the onset of migration, for this means that 
they are certainly not secondary results of the 
latter and that they may very well be amongst 
the causal factors which are actually inducing 
the movement. 

The relationship of these results to the 
metabolic influence of the thyroid is well 
brought out by Hickman (1959) in his recent 
study of osmo-régulation in the starry 
flounder, Platichthys stellatus, a fish which 
can adapt both to fresh water and to salt 
water. The oxygen consumption of this 
animal is significantly higher in the latter 
than it is in the former, and Hickman found 
that this was reflected in the activity of the 
thyroid gland, as measured in terms of thy- 
roid clearance of radioactive iodine. Now 
there are theoretical reasons for expecting 
osmo-regulation in salt water to set up higher 
energy demands than in fresh water, so that 
it may well be that the increased output of 
thyroid hormones under the former condi- 
tions is directly and specifically stimulating 
the metabolism of the cells concerned in ionic 
exchange. On the other hand, it may equally 
be that thyroid hormones have a much more 
generalized effect in the body, influencing cell 
metabolism in such a way as to aid the 
animal in adapting to many different kinds 
of stress. 

Of some relevance here is certain evidence 
suggestive of a relationship between the ac- 
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tivity of the thyroid gland and of the animal 
as a whole. The minnow (Phoxinus phoxi- 
nus), for example, is inactive during the 
winter, lurking amongst the stones at the 
bottom of lakes and streams, but in the early 
spring it emerges to swim and feed actively 
in schools in readiness for spawning, which 
may take place after a modest upstream mi- 
gration. At Nottingham under laboratory 
conditions this fish shows seasonal changes in 
its activity (Barrington, 1960), which rises 
to a maximum during the spring and early 
summer, while Woodhead (1956) found that 
the mean swimming speed was 159% faster 
in mid-April than it was in December. There 
are indications of a seasonal cycle of thyroid 
activity in this and other fish, and in the 
minnow this also rises to a maximum in the 
early months of the year. This suggests, 
although it certainly does not prove, that thy- 
roid hormones may be involved in some way 
in the animal’s activity, perhaps, as some have 
thought, by sensitising the nervous system to 
respond to external stimulation, or perhaps, 
as suggested earlier, by promoting in some 
way the increased metabolic activity of the 
cells concerned. That some general principle 
is involved here is suggested by recent obser- 
vations on the migration of the cod, Gadus 
callarias (Woodhead, 1959). Populations of 
this fish are found during the summer months 
feeding on the shallow-water grounds of the 
Bear Island-Spitsbergen Banks, and they then 
migrate in late September to the spawning 
grounds off the north Norwegian coast. The 
interesting feature of this migration, however, 
is that it is not exclusively a spawning one, 
for immature fish also follow the same route 
without necessarily proceeding quite so far, 
and both they and the sexually mature ones 
show at this time an increased activity of the 
thyroid gland; indeed, the length of the mi- 
gration of the immature fish seems to be 
directly correlated with the degree of activity 
of the gland. 

These facts have been culled from a num- 
ber of disconnected researches, but I believe 
that it is possible to draw from them certain 
conclusions relevant to the interpretation of 
metamorphic processes in fish. We see that 
the metamorphosis of the salmonids is largely 
a physiological rather than a morphological 
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change, developed in adaptation to their mi- 
gration from a freshwater to a marine 
habitat. The thyroid gland seems to be in- 
volved in the metamorphic mechanism, but it 
does not appear that this is a consequence of 
the thyroid hormones’ having developed in 
these animals an exclusively metamorphic 
function. On the contrary, some of the 
physiological processes involved in smolt- 
transformation, and the association of the 
thyroid hormones with them, can be seen 
operating also in fish which have no meta- 
morphosis in their life-history; it seems likely, 
then, that they are part of the fundamental 
organization of the group, and have been 
drawn upon in a more extreme form in 
salmonids in order to meet the special needs 
of the metamorphic crisis, with a consequent 
increase in thyroid activity. 

Two points need to be added at this stage. 
Firstly, it is not to be supposed that the 
thyroid gland is the only endocrine organ in- 
volved in metamorphosis; it has been dealt 
with here in some detail merely because so 
many observers have concerned themselves 
with it, but no single component of the en- 
docrine system can be wholly abstracted from 
the rest and it would be surprising if, for 
example, the adrenocortical tissue were not 
also heavily involved, although we know too 
little of this at present to be able to offer a 
decisive opinion. Secondly, we have said 
nothing as to the factors which actually in- 
itiate the metamorphic process. In part these 
must involve some degree of genetic deter- 
mination, bringing certain tissues of certain 
species into a certain state of competence at 
some particular time of the year. This is 
clearly seen in the genetically-fixed differ- 
ences which appear between the different 
species of the Pacific salmon, Oncorhynchus, 
which have been closely analysed by Hoar 
(1958) in terms of the characteristic be- 
havior patterns of these fish (Fig. 13). The 
coho (O. kisutch) has a life-history very like 
that of Salmo salar, with a parr stage in fresh 
water, where it is associated with the stony 
bottom and shows a good deal of aggressive 
and territorial behavior before eventually un- 
dergoing a smolt-transformation. The pink 
(O. gorbuscha) contrasts sharply with this in 
that it enters the sea as very young fry which 
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do not develop parr marks and which do not 
undergo a smolt-transformation, presumtably 
because the physiological changes which per- 
mit them to enter the sea are already de- 
veloped in the alevins or very early fry. 
However, current analyses of cyclical 
rhythms in animals suggest that the endogen- 
ous factors involved must still be modulated 
by external stimuli if they are to remain in 
proper adjustment with the environment. In 
such modulation it is commonly the pituitary 
gland which plays the key role, for it is the 
Mr. Facing-Both-Ways of the endocrine sys- 
tem, related both to the world without and to 
the glands within. What little we know of 


the functioning of the pituitary in the salmo- 
nids fits in with this interpretation. Olivereau 
(1954) has shown that smolt-transformation 
is accompanied by signs of secretory discharge 
from the gland which can be interpreted as 
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FIG. 13. Diagram showing the external distinguish- 
ing features of four species of Pacific salmon fry. 
Note the early reduction or disappearance of parr 
marks in the chum and pink, associated with early 
entry into sea water and consequent lack of smolt- 
transformation. From Hoar, J. Fish. Res. Board 
Canada, 1958. 














104 


indicative of an increased output of thyro- 
tropic hormone, although there is no actual 
proof of the correctness of this view. More 
clear cut are certain observations of Bagger- 
man (1960). She found that coho salmon 
parr kept under conditions of natural day- 
light developed a preference for salt-water in 
April; if, however, they were subjected to an 
increased photoperiod of sixteen hours day- 
length the development of this preference 
was accelerated and it now showed itself in 
February, whereas a reduction of the photo- 
period to eight hours day-length inhibited its 
development. It seems very likely, then, that 
photoperiod acting through the pituitary may 
be the determining factor in the initiation of 
this particular behavior pattern, as it is 
known to be in the cyclical behavior of so 
many other vertebrate animals, and this 
would certainly account for the onset of 
smolt-transformation at the time of year 
when the natural periods of daylight are 
lengthening. 

Metamorphosis in fish is, of course, by no 
means confined to the Salmonidae, although 
so much attention has been given to the 
group that we are bound to devote most of 
our time to it. A remarkable example of a 
very different character is provided by the 
mudskipper, Periophthalmus, which, after 
hatching as a more or less typical gobiid, 
undergoes a metamorphosis which adapts it 
for a semi-terrestrial life. Harms (1929, 
1935), in a detailed study of this and related 
forms, showed that the metamorphic changes 
could be induced by thyroid treatment, the 
effects including growth changes in the head 
and fins, thickening and vascularization of 
the skin, and various modifications in the 
viscera, together with an increased tendency 
to leave the water. It may well be significant 
that a more recent study of this animal has 
shown it to possess a particularly active thy- 
roid, as reflected in its utilization of radio- 
active iodine (Leloup, 1956). 

This example, suggesting an interesting 
parallel with amphibia, is of rather an ex- 
ceptional character, but, as Bertin (1957) 
points out, some degree of metamorphosis is 
widespread amongst many species of marine 
fish in which the pelagic eggs, provided with 
only small amounts of yolk, give rise to 
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alevins which hatch precociously and live for 
some time in the plankton. During this 
phase they develop adaptations such as flota- 
tion devices which are appropriate to this 
mode of life, and in consequence they have 
eventually to undergo considerable transfor. 
mation in order to achieve the adult form, 
Unfortunately virtually nothing is known of 
the mechanisms of these metamorphoses, al, 
though since they commonly include growth 
changes, often of a markedly allometric 
character, it-may well be that the endocrine 
system is involved. A well-known and ex- 
treme example of this type is the transforma- 
tion of the symmetrical pleuronectid larva 
into the bottom-dwelling flatfish, with its re- 
markable asymmetry, and Hoar has reported 
that the thyroid gland shows signs.of hyper- 
activity in the flounder at the time when this 
change is in progress (Pickford & Atz, 1957). 
Most dramatic of all, however, are the 
metamorphic changes undergone by the eel 
in the course of its complex life-cycle (D’An- 
cona, 1960). The transformation of the 
leptocephalus of the European eel into the 
glass-eel takes place at the edge of the con- 
tinental shelf after it has drifted across the 
Atlantic Ocean, and involves a loss of water 
and changes in the skeleton which are known 
to be accompanied by increased activity of 
the thyroid and pituitary glands. This is 
followed by the transformation of the glass- 
eel into the elver, a change which involves 
the deposition of cutaneous pigmentation and 
growth of the stomach. Vilter (1946) has 
found that treatment of the glass-eels with 
thyroxine solutions ranging in concentration 
from 1/50,000 to 1/1,000,000 accelerates the 
development of the pigment and also pro- 
motes growth of the stomach, provided, in 
the latter case, that the thyroxine is used in 
progressively increasing strengths. While 
such observations suggest the participation of 
endocrine factors in these changes, Vilter 
prudently points out that thyroxine produces 
no sudden effect on the glass-eel, and that one 
cannot be sure that it is exerting a specific 
metamorphic effect; it is at least possible that 
the results are due to no more than a general 
pharmacodynamic action of the hormone. 
At length, of course, the eel undergoes yet 
another metamorphosis which transforms it 

















from the feeding stage, or yellow eel, to the 
silver eel which passes out to sea on its spawn- 
ing migration. Actually a new interpretation 
of the life-history of the eel recently advanced 
by Tucker (1959) casts doubt on whether 
the European silver eel does succeed in 
spawning, but this does not affect our present 
analysis, which is merely concerned with the 
remarkable changes undergone at this trans- 
formation. These, as recently listed by D’An- 
cona (1960), include an increase in thick- 
ness of the skin and subcutaneous tissue, an 
increase in guanine in the former, changes 
in the shape of the fin and snout, a change 
in osmo-regulatory capacity, and enlargement 
of the eyes. It will be immediately obvious 
that some of these are identical with changes 
which we have already discussed as being 
promoted by endocrine iufluences, and it is 
not surprising to find that here, as in the 
Salmonidae, there are indications of increased 
activity in the pituitary and thyroid glands. 
Yellow eels, for example, have thyroids of in- 
active appearance, with a flattened epi- 
thelium forming large vesicles which are filled 
with a compact colloid, whereas in the silver 
eels there are numerous small vesicles with 
only a scanty colloid content, suggestive, as in 
the salmon parr, of extensive discharge of the 
hormonal secretion. There is evidence, too, 
of increased oxygen consumption in the silver 
eel, just as in the salmon smolt. Although 
we need to learn very much more in detail 
about the endocrine basis of this important 
metamorphosis we surely have good indica- 
tions even now that the Salmonidae and 
Anguillidae are using fundamentally similar 
controlling mehcanisms, which is just what 
we should expect if they have drawn the ele- 
ments of these from the physiological organ- 
ization which is common to teleosts as a 
whole. 

I must now turn to consider the meta- 
morphosis of the lamprey. This is a phe- 
nomenon of the greatest interest because the 
Cyclostomata are a much more ancient group 
than fish, so that we may expect their meta- 
morphosis to be organized at a much more 
primitive level. We need, therefore, to be 
cautious in applying to these animals concepts 
derived from consideration of higher forms. 
Moreover, this metamorphosis is not related 
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merely to a change of habitat, but is also a 
consequence of the evolutionary history of the 
group, involving as it does the transformation 
of the ammocoete larva, still somewhat pro- 
tochordate-like in its organization and mode 
of life, into the more typically vertebrate 
adult. 

This larva lives for some years in the mud 
of freshwater streams, feeding in a manner 
which is clearly derived from that of its 
protochordate ancestors, as is shown by its 
possession of an endostyle resembling that of 
Amphioxus and the Tunicata. Then, around 
July, it embarks upon a slow metamorphosis 
which is not completed until early the follow- 
ing year, when the adult leaves the mud and 
swims actively away, either remaining in 
freshwater to reproduce for the first and last 
time in the spring, or passing down to the sea 
for a period of growth before eventually 
ascending the rivers to spawn and die. These 
are matters of specific differences. Many at- 
tempts have been made to influence this 
metamorphosis by treatment of the larvae 
with thyroid preparations but these have 
always failed. This is by no means sur- 
prising, because for one thing it is most un- 
likely that the tissues of the experimental 
animals would have reached the necessary 
degree of competence, even supposing that 
thyroid hormone is a causative agent in the 
metamorphosis. But what makes the failures 
even less surprising is that the endostyle of 
the larva, which, as we now know, can manu- 
facture thyroidal products (Barrington and 
Franchi, 1956), itself undergoes a metamor- 
phosis into the thyroid gland of the adult, a 
fact which does not, of course, eliminate the 
possibility of its participation in the regula- 
tion of the metamorphosis of the animal as 
a whole, although it would seem to make it 
somewhat improbable. 

I have suggested earlier that in the evolu- 
tion of the control of metamorphosis, fish may 
have drawn upon the physiological machinery 
which has been available for them, and it 
seems possible that some recent observations 
of Sterba (1955) are conformable with this 
viewpoint. He has found that the homologue 
of the adrenocortical tissue of the ammocoete 
larva undergoes a great increase prior to 
metamorphosis. . It is known, from work of 
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myself (Barrington, 1942) and others, that 
the larva possesses a homologue of the islets 
of Langerhans, and that this seems to de- 
generate at metamorphosis, while the liver 
loses its gall bladder and bile duct and be- 
comes transformed into an organ concerned 
chiefly, it would seem, with the storage of 
fat. The significance of these facts is quite 
obscure, but they suggest a profound change 
in the organization of the carbohydrate 
metabolism of the animal, and it is conceiv- 
able that the enlargement of the adrenocorti- 
cal tissue may be connected with this, for one 
result of this might be to influence that aspect 
of metabolism through an increased output 
of glucocorticoids. Admittedly this is guess- 
work, but, the facts merit careful considera- 
tion, because Sterba claims that injections 
into the late larval stages of corticotropin, the 
pituitary hormone which regulates the adre- 
nocortical tissue in higher vertebrates, not 
only causes hyperplasia of that tissue but also 
evokes an incomplete metamorphosis. It 
would be a mistake to press these results too 
far, for our information is still much too in- 
complete. Taken in conjunction with some 
indications of increased pituitary activity at 
metamorphosis, however, they do suggest that 
we may have here a type of regulation, differ- 
ent in detail from that of fish, but similar in 
principle in that it is based upon the utiliza- 
tion of existing elements in the physiological 
organization of these remarkably interesting 
animals. 


REFERENCES 


Baggerman, B. 1960 Factors in the diadromous 
migrations of fish. Symp. Zool. Soc. London, 
1: 33-60. 

Barrington, E. J. W. 1942 Blood sugar and the 
follicles of Langerhans in the ammocoete larva. 
J. Exp. Biol., 19:45-55. 

—— 1960 Some problems of adenohypophysial 
relationships in cyclostomes and fish. Symp. 
Zool. Soc. London, 2:69-85. 

—— & L. L. Franchi 1956 Some cytological 
characteristics of thyroid function in the en- 
dostyle of the ammocoete larva. Quart. J. 
Micr,. Sci., 97:393-409. 

Bertin, L. 1957 Larves et Métamorphoses in Traité 
de Zoologie, ed. P-P. Grassé, T. 13, Fasc., 
3: 1813-1834. Paris. 

D’Ancona, U. 1960 The life-cycle of the Atlantic 
eel. Symp. Zool. Soc. London, 1:61-75. 

Fontaine, M. 1954 Du déterminisme physiologique 
des migrations. Biol. Rev., 29:390-418. 


E. J. W. BarrincTton 


—— & R. Motais 1956 Influence du glucoside 
de desoxycorticostérone sur l’halotropism de la 
jeune anguille (civelle). C.R. Acad. Sci. Paris, 
242: 1359-1361. 

Harms, J. W. 1929 Die Realisation von Genen 
und die consecutive Adaptation. I. Z. wiss, 
Zool., 133:211-397. 

1935 II. ibid., 146:417-462., 

Hickman, C. P. 1959 The osmoregulatory role of 
the thyroid gland in the starry flounder, 
Platichthys stellatus. Can. J. Zool., 37: 997-1060, 

Hoar, W. S. 1939 The thyroid gland of the 
Atlantic salmon. J. Morph., 65:257-290. 

1953 Control and timing of fish migration. 
Biol. Rev., 28: 437-452. 

1958 The evolution of migratory be- 
haviour among juvenile salmon of the genus 
Oncorhynchus. J. Fish. Res. Bd. Canada, 
15: 391-428. 

Hopper, A. F. 1959 The effect of mammalian 
thyroid powder on oxygen consumption in 
Lebistes reticulatus. Growth, 23:13-19. 

Jones, J. W. 1959 The salmon. Collins, London, 

Landgrebe, F. W. 1941 The role of the pituitary 
and the thyroid in the development of teleosts. 
J. Exp. Biol., 18: 162-169. 

La Roche, G. & C. P. Leblond 1952 Effect of 
thyroid preparations and iodide on Salmonidae. 
Endocrinol., 51:524-545. 

Leloup, J. 1956 Contributions a Tlétude du 
fonctionnement thyroidien d’un téléostéen am- 
phiobiotique: Periophthalmus koelreuteri. C. R. 
Acad. Sci., Paris, 242: 1765-1767. 

Olivereau, M. 1954 Hypophyse et glande thyroide 
chez les poissons, Ann. Inst. Oceanog. (Paris), 
29: 95-296. 

Parry, G. 1960 The development of salinity toler- 
ance in the salmon, Salmo salar (L.) and some 
related species. J. Exp. Biol., 37: 425-434. 

Pickford, G. E. & J. W. Atz 1957 The physiology 
of the pituitary gland of fishes. New York 
Zoological Society. 

Robertson, O. H. 1949 Production of the silvery 
smolt in rainbow trout by intramuscular injec- 
tion of mammalian thyroid extract and thyro- 
tropic hormone. J. Exp. Zool., 110:337-355. 

Sterba, G. 1955 Das Adrenal- und Interrenal- 
system im Lebensablauft von Petromyzon planeri 
Bloch. Zool. Anz., 155: 151-168. 

Tucker, D. W. 1959 A _ new solution to the 
Atlantic Eel problem. Nature, London, 183: 
495-501. 

Vilter, V. 1946 Action de la thyroxine sur la 
métamorphose larvaire de l’Anguille. C. R. Soc. 
Biol., 140: 783-785. 

Woodhead, A. D. 1959 Variations in the activity 
of the thyroid gland of the cod, Gadus callarias 
L., in relation to its migration in the Barents 
Sea. II. The ‘dummy run’ of the immature fish. 
J. Mar. Biol. Assoc. U. K., 38:417-422. 

Woodhead, P. M. J. 1956 The behaviour of min- 
nows (Phoxinus phoxinus L.) in a light gradient. 
J. Exp. Biol., 33: 257-270. 





Am. Zoo.ocist, 1:107—114(1961). 


MECHANISMS OF AMPHIBIAN METAMORPHOSIS: HORMONES 
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The study of amphibian metamorphosis 
might well be begun with a consideration of 
the more recent reviews of this topic, particu- 
larly those by Allen (1938), Needham 
(1942), Lynn and Wachowski (1951), and 
Etkin (1955). Metamorphosis can _ be 
thought of in a variety of ways. It can be 
considered in the restricted role of converting 
for terrestrial life those larval parts which are 
initially adapted for aquatic life, or are as yet 
but rudimentary. It can be considered, more 
broadly, as the sum of all changes which the 
postembryonic amphibian undergoes in the 
transformation from larval to juvenile form. 
In perhaps a more restricted sense, but one 
which emphasizes causal mechanisms, am- 
phibian metamorphosis can be thought of as 
the sum of all transformations which depend, 
either directly or indirectly, upon circulating 
thyroid hormone. 

Through the pioneer feeding studies of 
Gudernatsch (1912), the thyroid gland was 
shown to contain metamorphosis-stimulating 
material, and later Allen (1916) demon- 
strated that metamorphosis was inhibited in 
thyroidless tadpoles. It was already known, 
from the work of Adler (1914), that the 
pituitary gland was implicated, since tadpoles 
whose pituitary glands had been cauterized 
remained larval in appearance and developed 
atrophic thyroid glands. Special attention 
has been given to the size and to the histo- 
logical and cytological appearance of the 
thyroid gland throughout larval life. The 
correlation between gland structure and de- 
tectable metamorphic change is clear. De- 
tailed studies by Uhlenhuth (1927) in sala- 
manders record the growth of primary folli- 
cles, their filling with colloid, and their fusion 
with one another. The .climax phase of 
metamorphosis is characterized by the dis- 
charge of colloid from the follicles. In 
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anurans also, according to Sklower (1925), 
and D’Angelo and Charipper (1939), among 
others, follicular emptying is prominent. 
Etkin (1930, 1936), however, fails to stress 
this feature, emphasizing instead the gradual 
increase in height of the epithelium, which 
reaches its maximum at the time of meta- 
morphic climax and subsequently diminishes. 
There is agreement, in any event, that there 
is an increase in thyroid gland activity up to 
the time of climatic transformation, after 
which such activity subsides. 

It is clear that thyroid gland function is 
controlled by the pituitary gland, but the 
control of thyrotrophic hormone production 
and release by the tadpole pituitary is as yet 
a mystery. D’Angelo (1941), in a joint analy- 
sis of the structure of pituitary and thyroid 
glands, recorded the proportions of basophilic 
and acidophilic cells in the anterior lobe. 
The basophiles increased in relative numbers 
until metamorphic climax, then quickly de- 
creased again. Studies by Ingram (1929) 
demonstrated that thyroid-stimulating ca- 
pacity was present in pituitary glands of tad- 
poles. Later, Etkin (1939), using grafts of 
thyroid rudiment in the vicinity of the de- 
veloping pituitary gland, gave a dramatic 
demonstration of a thyrotrophic field. Soon 
after such a tadpole begins feeding, precoci- 
ous metamorphic stimulation is seen. Pre- 
sumably the pituitary gland releases sufficient 
thyroid stimulating hormone (TSH) into its 
immediate surroundings to stimulate growth 
of the nearby grafted thyroid gland, and re- 
lease of hormone from the gland. It can be 
presumed that the amount of TSH released 
to adjacent tissues and finding its way into 
the circulation is too slight to stimulate the 
normally situated thyroid gland of the young 
tadpole to the stage of significant colloid re- 
lease. In Rana pipiens, for example, thy- 
roid-dependent growth of the hind limbs is 
not seen until 5 to 7 weeks after feeding 
begins (Kollros, 1959). Thus, although the 
pituitary gland does release thyrotrophic hor- 
mone during the earliest weeks of larval life, 
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the concentration of this hormone in the 
blood remains low for some time. The level 
is above the threshold necessary to reveal an 
effect upon thyroid gland growth, but below 
the level required to stimulate significant re- 
lease of thyroid hormone. 

The sections above convey the impression 
that whenever thyroid hormone concentra- 
tion is raised, metamorphic responses occur. 
This is true for feeding tadpoles, but not 
necessarily true for earlier stages, nor need it 
be true, at a given time, for all kinds of 
metamorphic change. Etkin (1950) stresses 
that capacity to respond to thyroid hormone 
is newly acquired at about the time of forma- 
tion of the operculum, and by all of the 
tissues at the same time. Mosher (1950), ina 
detailed study, also indicated this onset of re- 
active capacity at about the time of opercu- 
lum formation (about stage 23, according to 
Shumway, 1940) in Rana temporaria. Reac- 
tivity is not assumed by all tissues simultane- 
ously, however, since Moser found that 
tissues became ready to respond in the follow- 
ing sequence, over a period of 21 hours, at 
20.3° C. (from Shumway’s stage 23 to stage 
25): a) ventral tail fin, b) 2 hours later, 
dorsal tail fin and median lower lip, c) 2 
hours later the upper horny jaw or beak, d) 
3 hours later the axial tissue of the tail, e) 
1 hour later, the lower horny jaw or beak, 
and the lateral lip fringes, f) 5 hours later, 
the left skin window or opercular skin, and 
g) 8 hours later, growth of the hind limb. 
These findings of Moser tend to support the 
assertions of progressive increase of sensitivity 
(or reactivity) made by Allen (1932) and 
Geigy (1941). One metamorphic system, 
that of the cells of the mesencephalic V 
nucleus, has been found to become responsive 
to thyroid hormone very much later than the 
ones mentioned above. In Rana pipiens, the 
V nucleus cells fail to respond at all in larval 
stage II (of Taylor and Kollros, 1946), when 
the tadpole is 18 mm. long. Minimal growth 
responses of these cells are elicited to strong 
thyroxine stimulation at stages III and IV 
(30-36 mm.), and even at stage V (40 mm.) 
responsive capacities are less fully developed 
than at midlarval stages (Kollros and Mc- 
Murray, 1956). 


This sequence of progressive “readiness” of 
tissues to respond is different from the se- 
quence of response which is obtained when 
sensitive tadpoles are immersed in a strong 
thyroxine solution. Moser (1950) indicates 
that Rana temporaria, at 18° C., placed in 
strong thyroxine solutions prior to the onset 
of any reactive capacity, and kept continu- 
ously in such solutions, shows the following 
sequence of changes (using completion of 
spiracular formation, stage 25, as the O 
hour) : 


a) leg growth at 26 hours 

b) regression of median lower lip at 38 
hours 
regression of the ventral tail fin at 41 
hours 
regression of the lateral lip fringes at 
56 hours 
shortening of tail, and skin window 
formation, at 58 hours 


It can be seen that the last elements to be- 
come reactive in Moser’s study, the hind legs, 
are the first to show a response, while the 
last to show response (shortening of the tail 


axis) is intermediate in the sequence of onset 
of reactivity. These two sets of data from 
Moser’s studies make us more aware of differ- 
ences among the various tissues in their re- 
sponses to thyroid hormone, and force us to 
look more closely at these responses when we 
consider the problems of integrating or cor- 
relating the various metamorphic changes 
harmoniously. 

In 1935 Etkin emphasized that spacing of 
metamorphic events depended upon concen- 
tration of thyroid hormone while the se- 
quence of events was inherent in the tissues. 
He minimized asynchronies in development 
but recorded some of them in his figures. In 
1955 he stated that “the temporal spacing of 
metamorphic events depends upon two 
factors: (1) inherent differences in the tissues 
with respect to rate of response, and (2) the 
patterns of activation of the thyroid gland”. 
His second point reemphasizes the role of thy- 
roid hormone concentration. In an earlier 
study, using thyroidless tadpoles (Etkin, 
1935), he showed that single concentrations 
of thyroxine which were appropriate for 
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duplicating the timing of early metamorphic 
events were too weak to do the same for the 
later events, which were much prolonged. 
On the other hand, concentrations appropri- 
ate for providing the correct timing for the 
late metamorphic events produced a precipi- 
tate set of early changes, compressed in their 
spacing. From these results he concluded 
that the thyroid gland, after a period of very 
low hormone output, gradually increased its 
rate of hormone release, bringing about more 
and more rapid changes, first in the more 
sensitive and then in the less sensitive tissues, 
until at metamorphic climax a maximum thy- 
roid hormone level was reached, and _ all 
tissues capable of responding were changing. 
The notion of “sensitivity” which is used, 
however, does not imply thresholds below 
which no change occurs. Instead, Etkin 
uses “sensitivity” to mean reaction rate, im- 
plying that the more sensitive tissues begin 
to show responses earlier (and thus at a lower 
hormone concentration), and that more sen- 
sitive tissues change more rapidily at a given 
concentration of hormone than do less sensi- 
tive ones. He writes (1955, p. 651) “No 
true thresholds of response are shown by the 
tissues”. He appears to believe (1955, p. 
651) “that any effective concentration of 
thyroxine was capable of inducing both early 
and late metamorphic changes if allowed to 
operate for a long enough period.” Allen 
(1938) presents a similar view. 

Recent work in our laboratory yields 
results in conflict with the above interpreta- 
tion. According to his published work, Etkin 
apparently observed thyroidless tadpoles for 
no more than 60 days, and in that interval 
found that a concentration of 1 part of 
thyroxine to 500,000,000 of water (2yug/1) 
was required in order to demonstrate any 
metamorphic change. In contrast a real 
minimum is approximately 0.002 ug/l (Koll- 
ros, 1956). This extremely low level appears 
to be a true threshold. The tadpoles had 
been hypophysectomized (and were thus 
functionally thyroidless) and required ap- 
proximately one year to advance from stage 
V— to IX+, with continuous immersion in 
0.002 g/l of thyroxine. Control hypophysec- 
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tomized animals usually advance only to 
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stage VII, rarely VIII (Kollros and McMur- 
ray, 1956). In concentrations of 0.001 jg/1, 
with treatment for over five months; no 
animal went beyond stage V+, ie., no 
change from the control situation was seen. 
Higher concentrations, and time intervals re- 
quired to achieve given maximum stages, ar 
indicated in Table 1. 
In all such instances of lengthy treatment 
the terminal stage recorded was reached 
weeks or months before the end of treatment, 
i.e., a state of metamorphic stasis had set in. 
That this was not a period of declining sensi- 
tivity was established in a number of similar 
tadpoles by increasing the hormone level 
slightly, and observing in every instance re- 
newed metamorphic progress to a new level, 
before metamorphic stasis set in again. The 
most sensitive system responding is that of 
the limbs, since the 0.002 yg/l dosage level 
changed them from the control state equival- 
ent to stage VII (with a single separate toe) , 
to stage IX +, with three separate toes plus a 
common rudiment for the other two toes. 
In the three-toed condition, however, the 
limb was no longer so sensitive as before, and 
required thyroxine levels of up to 0.008 »g/1 
to convert it to a five-toed state. And as a 
five-toed limb, sensitivity again declined, so 
that up to 0.02 or 0.04 ug/l of thyroxine was 
required to complete the formation of inter- 
digital webs and to begin the formation of 
the subarticular toe pads. By this stage of 
development a further decline in sensitivity 
had occurred, such that higher concentrations 
of thyroxine were needed in order to com- 
plete leg outgrowth and the last phases of 
differentiation, including the development of 
pigment stripes and the initiation of the molt- 
ing of the skin. Limb development, as an 











TABLE 1. Hormone concentration related to 
terminal metamorphic state achieved. 
Concentration of Days of 
dl-thyroxine Maximum stage treatment 
0.002 ug/l IX+ 395 
0.02 XI— to XV 360-425 
0.04 XII+ to XV 365-410 
0.2 XV to XIX 275-305 
0.4 XIX and XX 42-111 
0.6 XX to XXI+ 52-150 
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example, involves a gradual increase in com- 
plexity and cell differentiation, which is ap- 
parently accompanied by a gradually in- 
creasing threshold for subsequent events. The 
limb, therefore, initially the most sensitive of 
metamorphosing systems, becomes progres- 
sively less sensitive, so that soon, with its 
heightened threshold level, it is superseded by 
the developing skin glands as the most sensi- 
tive system. Studies are now under way to 
establish the thyroxine concentration required 
for the development of the skin glands, the 
plical glands in particular. It may also be 
near the level of 0.002 yg/l. Although this 
level is not certain, it is known that at concen- 
trations of 0.02 »g/I, small skin gland “nests” 
appear at the time that the legs have de- 
veloped to stages IX+ or X, and at this 
particular concentration the glands can de- 
velop beyond the “early nest” condition. By 
stage XIII, when unoperated controls show 
no trace of cell aggregations to produce gland 
nests, the thyroxine-treated, hypophysectom- 
ized tadpoles display a prominent, slightly 
elevated, silvery plical ridge, containing many 
patent glands, as well as gland nests of vari- 
ous sizes. As in the case of limbs, however, 
progressive development of the skin glands 
requires ever-increasing concentrations of 
thyroxine, to offset the increased thresholds 
progressively established. 

Individual thresholds for each of the other 
events in metamorphosis can also be set, e.g., 
cloacal tail piece regression, dorsal and ven- 
tral tail fin regression and later disappear- 
ance, shortening of the axial structure of the 
tail, thinning and later perforation of the skin 
windows, growth and elevation of the nictita- 
ting membrane, fusion of the two originally 
separate layers of the cornea, (Harms, 1923; 
Petersen, 1924), growth of the extrinsic ocu- 
lar muscles, reduction in the numbers of the 
cells of ventral gray columns in the lumbo- 
sacral region of the spinal cord (Kollros and 
Race, 1960), etc. Each of these changing 
structures, and presumably all or most of the 
other transforming systems, shows a rate of 
change which is positively correlated with 
hormone concentration at any level above 
that of the individual threshold. Presumably 
the rate of change of each system accelerates 
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markedly at first, with relatively small 
changes in hormone concentration, but prob- 
ably reaches or approaches a maximum, at 
least in the range of 100 to 1000 yg/1 of 
dl-thyroxine. Probably different systems will 
show different maximum dosage levels. With 
very strong concentrations it was recognized 
early (Cotronei, 1914) that asynchronies in 
development could be revealed. Further, dis- 
tortions in developmental relationships are 
also seen. The hind limb buds, for example, 
show very rapid but essentially normal growth 
for a few days, but subsequently, in the stages 
beginning with digitation, do not show the 
same capacity to respond, and commonly 
show abnormal form, and may even termi- 
nate external form changes, whereas at more 
moderate levels of stimulation more nearly 
normal growth to a considerably later stage 
of morphogenesis may be the rule. 

Very unusual creatures also are produced 
at relatively low dosage levels, maintained 
sufficiently long. In particular, the skin per- 
forations through which the forelimbs emerge 
from the opercular cavity, and which usually 
enlarge only a little beyond the diameter re- 
quired to permit the extension of the fore- 
limb, continue to enlarge, rather than fusing 
their edges with the skin of the shoulder base. 
Such enlargements sometimes extend com- 
pletely to the midline ventrally, and com- 
bined with the shrinkage of head tissue dor- 
sally permit one to see the complete gill 
apparatus both from below and above, in 
such a way that the observer is invariably 
reminded of the system of external gills of 
urodele larvae (Fig. 1). Occasionally a par- 
ticular dosage level is achieved which is ap- 
propriate for the perforation of one skin 
window (usually on the left side, adjacent 
to or confluent with the spiracular opening), 
and its subsequent emargination to or even 
beyond the ventral midline, while the skin 
window on the opposite side becomes trans- 
lucent but remains imperforate. Since such 
a situation may persist for over a month at 
a constant hormone level, one is forced to 
conclude that probably the tissues of the two 
skin window areas frequently have slightly 
different thresholds for thinning and perfora- 
tion. Clearly, also, the perforation of the 
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skin window requires a significantly lower 
hormone level than does the reduction of the 
gills. 

Of special concern to embryologists is the 
revelation that the entire opercular skin 
shows capacity to be resorbed, whereas nor- 
mally only a small part of it disappears. 
Whether such prolonged and extensive re- 
sorption is related to the failure of the ex- 
perimenter to permit a reduction in hormone 
concentration such as normally appears to 
occur, or to some other feature of the experi- 
mental situation, has not yet been estab- 
lished. One sees, however, that the opercular 
skin in these circumstances does not realize 
its presumptive fate. Perhaps one other ex- 
ample of previously unrealized potentialities 
should be considered, in this second instance 


FIG. 1. On the left (A) is a hypophysectomized 
animal which has been brought to the stage of 
forelimb emergence (XX) by treatment with dl- 
thyroxine for six months at 25° C. at a concen- 
tration of 1 ug/l. Mouth parts are still strictly 
larval. The left forelimb has emerged through the 
perforated skin window, which has fused with the 
regressing spiracle. The right skin window (arrow) 
is as yet imperforate. The perforate left skin 
window illustrates the usual size to which skin 
windows enlarge before the remaining opercular 
skin fuses dorsally to the upper wall of the opercu- 
lar cavity, as the gills regress. On the right (B) 
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involving the skin of the tail. Earlier work- 
ers (e.g. Linderman, 1929; Clausen, 1930) 
were uniform in agreeing that skin of the 
tail, under both normal conditions and after 
heterotopic grafting, showed intrinsic histo- 
lytic capacities, and a clearly marked sharp 
boundary with the persisting skin of the 
dorsal tail base. In our preparations, utilizing 
hormone concentrations which precipitate re- 
gressive changes in the tail, but are insuf- 
ficient to permit regression to go to comple- 
tion, reorganization of the tail skin can be 
seen. In a few instances molting of tail skin 
far removed from the tail base was observed 
—a most unusual performance for tail skin. 
To return to the notion of thresholds, if 
thresholds for metamorphic events do exist, 
then it follows that by appropriate control of 


is a hypophysectomized animal which has been 
brought to the stage illustrated by approximately 
8 months of treatment with dl-thyroxine at 1 ug/l, 
at 25° C. Some of the horny teeth and the labial 
fringes which bear them have disappeared. The 
ventral beak is intact, and the dorsal beak is nearly 
so. The skin windows are both perforate, and have 
emarginated to several times their usual maximum 
size. The gills are intact and functioning. In 
some treated animals the entire ventral opercular 
covering becomes resorbed. Both animals A and 
B had body lengths of 25 mm. 
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dosage one should be able to produce a 
given event without necessarily producing 
another event which normally follows the 
given event by an appreciable time interval. 
In Rana pipiens, for example, the onset of 
the corneal reflex, at moderate room tem- 
peratures, precedes forelimb emergence by 
an average of 4 days, and by no more than 
10 days (Kollros, 1942). It has recently 
been possible, in thyroxine-treated hypo- 
physectomized tadpoles, to stretch this inter- 
val to more than 40 days, and, at 15° C., to 
extend the period indefinitely (Kollros, 
1958b). This kind of temporal separation 
of metamorphic events constitutes a strong 
argument for the existence of specific thresh- 
olds, and further confirms the independence 
from one another, in a causal sense, of a 
large number of metamorphic events. The 
consideration of most events as independent 
of each other, and dependent only on thyroid 
hormone concentration and the different 


capacities of the different tissues to respond 
to thyroid hormone, might have been made 
as soon as asynchronies in metamorphosis 
induced by high concentrations of thyroid 
extracts or thyroid feeding were reported 


(Cotronei, 1914). Such independence was 
further stressed by experiments involving lo- 
cal metamorphic change by the use of pellets 
containing thyroxine (Hartwig, 1940; Koll- 
ros, 1943; Liike, 1944), a technique par- 
ticularly exploited in our laboratory and 
later elsewhere by Kaltenbach (1953a, b, c, 
1959), and by others (Weiss and Rossetti, 
1951; Kollros and Kaltenbach, 1952; Kollros 
and McMurray, 1956; Beaudoin, 1956; 
Pesetsky and Kollros, 1956; Pesetsky, 1959). 
This technique also lends itself to a study of 
the efficacy of various thyroxine analogues 
to stimulate metamorphosis. That not all 
metamorphic events are independent of one 
another, however, has long been established 
by the study of Helff (1928), relating the 
dependence of formation of the tympanic 
membrane upon the prior thyroid-dependent 
development of the annular tympanic car- 
tilage. 

An analysis of metamorphic control must 
take into account the role of temperature, 
since cold (below 7°-5° C.) as an inhibiting 
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agent was first indicated in anurans by Hux- 
ley (1929). Normal tadpoles kept in cool 
water grow to larger sizes than they do when 
they are kept in warm water (Etkin, 1955), 
Our own experience with both control and 
hypophysectomized Rana pipiens tadpoles 
(unpublished) confirms this. That the re- 
sponse to differences in temperature is largely 
or perhaps entirely one affecting tissue sen- 
sitivity to thyroid hormone is demonstrated 
by the thyroxine-treated hypophysectomized 
tadpoles. Not only do they show markedly 
slower responses to given hormone dosage 
at 15° C. than they do at 25° C., but they 
also show a very noticeable difference in 
thresholds. At 15° C., dl-thyroxine at a 
concentration of 0.002 ug/l seems to be 
quite ineffective. At 25° C., concentrations 
of 0.6 wg/1 were uniformly capable of bring- 
ing about perforation of the skin windows, 
and even levels of 0.4 yg/1 were occasionally 
adequate for such perforation. In contrast, 
at 15° C., even hormone levels of 1.0 yg/I 
failed to achieve skin window perforation. 
For any given metamorphic event at the 
colder temperature not only is much more 
time required for its completion at a fixed 
dosage level, but also a higher threshold is 
recorded. Preliminary studies at temperatures 
of 9°-10° C. have demonstrated that meta- 
morphic changes are possible, but proceed 
very slowly, and probably reflect still higher 
hormone threshold requirements than at 
15° C. 

Finally, metamorphic pattern is at least 
possibly influenced by the nature of particu- 
lar iodine-containing molecules. In mam- 
mals, for example, triiodothyronine may be 
a given number of times more effective than 
thyroxine in stimulating metabolism (Os: 
utilization) in one tissue, and a different 
number of times as effective in another tis- 
sue. Similarly, in stimulating metamorphosis 
in hypophysectomized Rana pipiens tadpoles, 
some thyroxine analogues, at near-threshold 
levels particularly, show some degree of selec- 
tivity of action, so that minor variations in 
developmental sequence occur. Other ana- 
logues may show selectivity for other events, 
so that a different asynchrony is produced 
(Kollros, 1958a, 1959, unpublished). Since 





AMPHIBIAN METAMORPHOSIS: 


at least four different compounds (monoiodo- 
tyrosine, diiodotyrosine, triiodothyronine, thy- 
roxine) effective to various degrees in stimu- 
lating metamorphosis have been identified in 
the tapole thyroid gland (Shellabarger and 
Brown, 1959; Leloup and Fontaine, 1960), 
it is at least worth suggesting that, to the 
extent that such compounds show preferential 
tissue action, the exact timing of metamor- 
phic events may be modified by the particular 
concentrations of these active entities in the 
circulation. 

In summary, metamorphosis involves al- 
teration of larval tissues which normally 
acquire sensitivity to thyroid hormones long 
before significant quantities of such hormones 
are released into the circulation. The spe- 
cific control of the timing of thyroid hormone 
output by pituitary thyrotrophin is not yet 
understood. The normal pattern of meta- 
morphosis depends upon a series of factors: 

a) The gradual increase in thyroid hor- 
mone concentration in the blood and tissues 
through the last 60-70% of larval life 


(in Rana pipiens) to the phase of metamor- 
phic climax, and then a fairly sudden drop. 
b) The successive “engagement” of the 


transforming tissues as the rising hormone 
level exceeds in turn the individual threshold 
levels. 

c) The increases in rates of transforma- 
tion, differing from tissue to tissue, as hor- 
mone concentration rises. 

d) The influence of temperature, both 
upon rate of transformation, and upon 
thresholds. 

e) The particular concentrations of differ- 
ent hormonal species released by the thyroid 
gland, from stage to stage, as these may 
differentially influence particular transforma- 
tions. 

Any serious upset in one or more of these 
factors can produce disharmonies in meta- 
morphosis of greater or lesser extent. These 
have most commonly been produced experi- 
mentally by subjecting the tadpole suddenly 
to much greater than normal hormone con- 
centrations. The opposite procedure, of se- 
verely limiting hormone supply, influences 
factor c) above, and produces spectacularly 
monstrous forms. This serves to emphasize 
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the mosaic nature of the independently re- 
sponding systems which make up so much 
of the tadpole. 
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I. INTRODUCTION 

Metamorphosis may. be defined as _post- 
embryonic developmental changes in non- 
reproductive structures of an organism; these 
changes occur in a discrete period or periods 
during which there are alterations in the bio- 
chemical, physiological, and anatomical struc- 
tures of the organism. The alterations which 
occur during metamorphosis have adaptive 
value in that they involve the preparation of 
an organism for a transition from one en- 
vironment to another which is usually strik- 
ingly different. In other words metamorpho- 
sis is a developmental transition from a larval 
form specialized for a particular existence to 
an adult form adapted for another environ- 
ment, a directed remodeling of the animal to 
fit his environment. It has been pointed out 
(Wald, 1957, 1958) that metamorphosis an- 
ticipates changes in environment and is essen- 
tially preparation for existence in a new en- 
vironment, not a response to it. For the more 
adaptive aspects of metamorphosis such an- 
ticipation of the environment to come is 
essential, for the animal cannot move to the 
new environment until metamorphosis has 
made it ready. The mechanisms by which 
these metamorphic changes are effected con- 
stitute the subject matter of the biochemistry 
of metamorphosis. 

Experimental approaches to the biochemi- 
cal problems related to anuran metamorpho- 
sis center around two major areas: (1) The 
endocrine initiation and control, culminating 
in a gradually increasing secretion of the thy- 
roid hormone, and (2) the interaction of 
the thyroid hormone with undifferentiated 
tadpole tissues to produce the multi-differ- 
entiation of metamorphosis and its end prod- 
uct, the frog. Previous speakers in this sym- 
posium have ably presented the first portion 
of this subject and it will be my purpose to 
concentrate on what is known about the bio- 
chemical aspects of these, as shown in the 
enclosure of Fig. 1. 

There should be rich rewards in a bio- 
chemical approach to the transition of the 
tadpole to the frog. First of all there is the 
opportunity to expand our knowledge of the 
important metamorphic process itself, which 
is a striking example of cellular differentia- 
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FIG. 1. Major steps involved in anuran metamor- 
phosis. The enclosure indicates the portion of this 
subject considered in this paper. 


tion and the theme of our meeting today. 
Next we gain more insight into the field of 
comparative biochemistry—of the biochemi- 
cal changes that bridge the transformation 
from an aquatic to a terrestrial form. 
Finally, as is well known, the endocrinology 
of this process has its counterpart in higher 
animals including man, as Gudernatsch 
(1912) and Allen (1929) showed some forty 
years ago. The pituitary triggers the thyroid 
gland which then initiates the myriad of 
cellular differentiations which occur subse- 
quently. The tadpole is composed of tissues 
exquisitely sensitive to the thyroid hormone. 
Perhaps the difficult and still unsolved task 
of deciding what thyroxin or triiodothyronine 
does in the higher animal can be charted by 
the role of these hormones in the tadpole. 


ABBREVIATIONS 

Abbreviations used frequently are: Ts, L-thy- 
roxin; Ts, 3,5,3’-triiodo-L-thyronine; T4-prop., 
3,5,3’,5’-tetraiodothyropropionic acid; Ts-prop., 
3,5,3’-triiodothyropropionic acid; Ts-acetic, 3,5,3’- 
triiodothyroacetic acid; ATP, adenosine-5’-tri- 
phosphate; G-6-Pase, glucose-6-phosphatase; RNA, 
ribonucleic acid; DNA, deoxyribonucleic acid. 


II. ANATOMICAL CHANGES DURING 
METAMORPHOSIS 


Little more needs to be said about the 
morphological changes during metamorpho- 
sis. These are carefully described, especially 
by Taylor and Kollros (1946), Etkin (1955), 
Lynn and Wachowski (1951), and others. 
Alterations are observed in nearly every organ 
system of the animal. Prior to the onset of 
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metamorphosis, the frog tadpole is an aquatic 
animal with well developed gills; long, flat- 
tened tail; lidless eyes; horny, rasping teeth; 
and a long, coiled intestine. The frog, in 
contrast, is a lung breathing animal with no 
tail, well-developed limbs, eyelids, and other 
structures adapted for its carnivorous habits. 
Even structures which persist into the adult 
undergo extensive alterations. The skin thick- 
ens, becomes more glandular, and attains an 
outer cornified layer; the intestine decreases 
in length; and the brain becomes more highly 
differentiated. A partial list of the morpho- 
logical developments which are likely to in- 
volve marked cellular modifications during 
metamorphosis are: the development of 
limbs, eyelids, lungs, tongue, tympanic mem- 
brane, and opercular perforation; the altera- 
tions in skin and pigments, liver, pancreas, 
intestine, loss of teeth, and horny beak; and 
the atrophy of tail and cloaca. 

Only brief mention will be made here of 
the fact that the morphological and biochem- 
ical responses in induced metamorphosis are 
not always identical with the slower, appar- 
ently more ordered changes of spontaneous 
metamorphosis, a point emphasized by Etkin 
(1955). This subject will be treated in a 
more extensive review (Bennett and Frieden, 
1961). An example of a successful induced 
metamorphosis experiment is given in Fig. 2 
which shows the changes in the Florida 
swamp frog, R. heckscheri, following injec- 
tion of T; and T, five days earlier. 

The obvious morphological changes of 
amphibian metamorphosis should not lead 
us to overlook more subtle cellular changes. 
Exploration of various organ systems has 
revealed possible intracellular differentiation 
of the cells of several internal tissues. For 
example, Kaywin (1936) reported evidence 
for the fragmentation of the Golgi apparatus 
and mitochondria and for possible nuclear 
changes in cells of tadpole liver, stomach, 
intestine, and pancreas in response to thyroid 
hormone treatment. In his emphasis on the 
modifications of certain intracellular struc- 
tures in response to thyroid, Kaywin may 
have anticipated some of the very interesting 
recent observations by Lehninger (1957) and 
others on the effects of thyroid hormones on 
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the gross properties of the mitochondria. 
However, it should be realized here that no 
claim can be made as yet for a direct or 
primary effect of thyroid on the cytology of 
tadpole cells, although I have little doubt 
that this will be found. The sensitivity of 
intracellular structures to environmental fac- 
tors, such as the diet, temperature, etc., is 
not yet adequately appreciated. Finally, it is 
of interest to note the essential similarity of 
histological changes in several of these tissues 
during normal and accelerated metamorpho- 
sis. It is likely that many new points of 
cytological interest could be found by a 
searching comparison of the histology and 
cytochemistry of tadpole cells before and 
after metamorphosis. 


III. IMPORTANCE OF INTRINSIC TISSUE 
SENSITIVITY IN THE TADPOLE 


Stimulation of metamorphosis by the com- 
plex of endogenous hormones or by exo- 
genous thyroid hormone constitute the ex- 
trinsic factor in anuran — differentiation. 
Probably of even greater importance are the 
intrinsic factors contributed by the mosaic 
of sensitive tissues. As Witschi has pointed 
out in his book on the Development of Ver- 
tebrates (1956) : 


“The experiments with hormones and hormone 
glands raise again the question of the relative 


FIG. 2. Induced metamorphosis: Comparison of 
R. heckscheri tadpoles injected 5 days earlier with 
saline and 0.50 ml 1.0 x 10°*M thyroxin and 
triiodothyronine. From Dolphin and _ Frieden 
(1955). 
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importance of extrinsic and intrinsic factors as 
determiners of embryonic differentiation. As in 
previous discussions on the primary organizers 
and on the determinations in limb development, 
it must be answered in favor of the latter. “Thy- 
roxin, like the inductors of the early embryonic 
epoch, acts as an activator, but only if it comes 
in contact with responsive tissues. Responsive- 
ness and determination of the specificity of re- 
action are intrinsic tissue factors.” 


It is thus more accurate to speak of meta- 
morphosis as resulting from the interaction 
of thyroid hormone with undifferentiated tis- 
sue because it emphasizes that the many 
phenomena of metamorphosis depend not 
only on the action of thyroxin but also on 
the presence of an inherent tissue sensitivity. 

The intrinsic susceptibility of tadpole tail 
tissue is dramatically illustrated in Fig. 3 
taken from the work of Schwind (1933). 
Schwind transplanted an eye cup to a tadpole 
tail. During metamorphosis the eye moved 
gradually forward during tail resorption, and 
finally came to rest in the sacral region at 
the termination of metamorphosis. Similarly 
transplanted limbs are unaffected by the de- 
generative processes in the surrounding tail 
tissues. The impressive degenerative changes 
of the tail have afforded an extremely con- 
venient tool for bioassay for thyroid hormones 
using tadpoles, although certain other struc- 
tures may be even more sensitive to T; and 
Ts. 

As might be expected, the differences in 
the morphological response of tissues have 
their counterpart in metabolic differences. 
Using radioactive phosphate, Finamore and 
Frieden (1960) found that the effect of tri- 
iodothyronine on nucleic acid biosynthesis 
was directly opposite in the tail, compared 
to the liver. In induced metamorphosis, tail 
tissue showed a reduction in phosphate incor- 
poration into RNA and DNA while liver 
showed an increase in phosphate incorpora- 
tion. The results were consistent with the 
frequently observed association of protein bio- 
synthesis and nucleic acid metabolism. Dur- 
ing metamorphosis tadpole liver increases in 
size and function while tadpole tail is under- 
going resorption. 

The acute and differential sensitivity of 
amphibian tissues was also shown in a dif- 
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FIG. 3. Photographs of Schwind 
the specific sensitivity of tail tissue. 


(1933) showing 


ferent way by Hartwig (1940). He obtained 
local metamorphic changes by thyroxin im- 
plants in salamander larvae. This technique 
has been improved and extended by Kollros 
(1943), Kaltenbach (1950) and _ others. 
Using thyroxin-cholesterol pellet implants, 
these workers have reproduced locally many 
of the individual tissue changes relatively in- 
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dependent of general systemic effects. For 
example, Kaltenbach (1950) implanted thy- 
roxin-cholesterol pellets into early larval 
tadpoles and induced prematurely and uni- 
laterally in the vicinity of the pellets such 
effects as change in head outline, resorption 
of labial fringe and shedding of labial teeth, 
maturation and molting of the skin, length- 
ening and ossification of bones of a hind 
limb, complex changes in eye structure, and 
tail resorption, depending upon the site of 
implantation. Thus thyroxin is shown to be 
the direct initiator of a wide variety of cellu- 
lar differentiation in a variety of tissues. 

An additional approach emphasizing inher- 
ent tissue response has come from the recent 
work of Kollros and his associates (1960). 
Kollros exposed hypophysectomized R. pipiens 
to extremely low doses of thyroxin or tri- 
iodothyronine and observed unique responses. 
At extremely low immersion levels of exo- 
genous hormone, disappearance of skin tissue 
in the opercular region, characteristic changes 
in the mouth region, and skin pigment altera- 
tions were noted. Under the same conditions 
little change in tail tissue, limb development, 
or certain other morphological features were 
detected. These interesting experiments await 
further elucidation because of the possible 
effect of the removal of hormones other than 
thyroid stimulating hormone which accom- 
pany hypophysectomy. Since the tadpole was 
immersed in solutions of the thyroid hor- 
mone, it is also possible that the skin and 
related structures received a relatively larger 
proportion of the very dilute hormone used. 


IV. THE ANOMALOUS ACTIVITY OF THYROXIN 
ANALOGS IN ANURA 


It has been frequently reported that cer- 
tain side chain variants of thyroxin and tri- 
iodothyronine showed many times the ac- 
tivity of thyroxin when compared for their 
ability to induce metamorphosis in anura. 
For example, the compound, 3,5,3’-triiodo- 
thyropropionic acid has been variously re- 
ported to be 20 to 300 times as active as 
thyroxin. Much of this data has been sum- 
marized in Pitt-Rivers and Tata’s recent book 
(1959). However, the abnormally high ac- 
tivity of these thyroxin analogs does not 
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appear in thyroxin activity comparisons in 
other in vivo or in the many in vitro systems. 
While there is ample evidence of T; and T, 
in the tadpole, the quantitative aspects of the 
tadpole response to certain thyroxin analogs 
seemed to be unique. Therefore we have 
reexamined the question of the anomalous 
activity of the substituted thyronines and 
analogs in anura. We have found that the 
unusual activity of thyroxin analogs in tad- 
poles arises from an unusual testing method— 
immersion of the tadpoles in a solution of the 
test compound instead of injection. When 
the test compounds are administered to the 
tadpole by intraperitoneal injection, the rela- 
tive activity of the various thyroxin analogs 
are more comparable to the in vivo activities 
found in the rat or in man. 

Relative activities for five compounds by 
both immersion and injection in R. grylio 
tadpoles are presented in Fig. 4. The most 
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FIG. 4. Comparison of injection (solid) and im- 
mersion (OO) activity for thyroxin analogs in R. 
grylio. The percent decrease in length was meas- 
ured after 5 days; temperature was 24 + 1°C. 
Frieden and Westmark, in press. In the immer- 
sion experiments, the dose was administered in 
500 ml. 
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TABLE 1. 


Comparative Activity of Thyroxin and Analogs. 








Animal 


Test 


Route j. Inj. 


Compound 
Thyroxin (T4) 1.0 1.0 
T4-propionate Active 
Triiodothyronine (Ts) .9-1.4 
Ts-propionate Active 0.1 
Ts-acetate 0.1 0.3 


Activityt 
Injection/ 


Tadpole 


Rat R. grylio * 





Uptake 
Activity Compared to Thyroxin 


0.1— .6 
1.0—-2.0 


. ~ Immersion 
Goiter 


Prevention 


Tail Tail 


Inj. Inj. Immersion 


1.0 17 
21 -100 1.0 
5.0- 20 125 
15 -300 Pe 
10 — 24 pe 


* Data in this column summarizes experiments with several species including R. grylio, 
R. clamitans, R. catesbeiana, and R. pipiens. Pitt-Rivers and Tata (1959), Tomita and Lardy 


(1956): and Money et al. (1958). 
¢ Calculated from data as in Fig. 1. 


Considerable experimental variation was observed in 


this ratio. Data from Frieden and Westmark, in press. 


active compound is seen to be Ts when in- 
jected, exceeding the injected activity of 
3,5,31-triiodothyropropionic acid and any of 
the other compounds tested. The immersion 
activity of these compounds in the southern 
bullfrog is in general agreement with previ- 
ously reported data (Pitt-Rivers and Tata, 
1959). The most interesting feature of the 
data in Fig. 4 is the great disparity between 
the injection and immersion activity of both 
triiodothyronine and thyroxin. On the other 
hand, triiodo- and _ tetraiodo-thyropropionic 
acids show virtually the same activity regard- 
less of the mode of administration. Injected 
activity is slightly favored for triiodothyro- 
acetic acid. 

Similar data, not presented in detail here, 
was obtained with two different species of 
R. pipiens using the percentage decrease in 
tail breadth as the morphological criterion. 
The divergence between injection and im- 
mersion activity for T; was not quite so large 
but was still highly significant. It is important 
to note that the disparity between injection 
and immersion responses to triiodothyronine 
and thyroxin remain despite some variation 
in tadpole response due to seasonal and pos- 
sibly other difficult to control environmental 
factors. 

Table 1 summaries the response of differ- 
ent animals to these five compounds. It is 
clearly indicated that the tadpole immersion 


test yields the most unique data. When in- 
jected, the activity of these compounds is 
comparable regardless of the test animal used. 
In the last column, the ratio of injected to 
immersed activity necessary for a 20 per cent 
decrease in tail length was estimated from the 
data in Fig. 4. The figures vary from over 
100 for Ts to less than one for triiodothyro- 
acetic acid. 

The implications of the wide differences in 
the immersion and injection response to T; 
and T, are of considerable import. We are 
inclined to believe that the injection activity 
gives a more accurate picture of the com- 
parable thyroxin-like activity of thyroxin ana- 
logs in the tapole using the tail response. Ac- 
tivity comparisons should be made _ using 
other criteria, e.g. limb eruption and growth. 
The immersion response is probably strongly 
influenced by relative rates of permeability. 
It is consistent with the classical rules of 
permeability that a compound with only an 
acetate or propionate side chain is more 
permeable than a compound with a divalent 
zwitter ion side chain. Immersion tests might 
also be more subject to difficulties arising 
from the instability of compounds and to 
adsorption on glass at high dilutions. These 
results may help to explain certain enhance- 
ments and inhibition of the tadpole responses 
in immersion experiments (Frieden and 
Naile, 1954). The many varied and confus- 
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ing results obtained in this area may be due 
to effects on the rates of permeability of thy- 
roxin and triiodothyronine rather than to 
an effect on the peripheral tissue response 
to the thyroid hormone. 


V. BIOCHEMICAL CHANGES OF DIRECT 
ADAPTIVE VALUE DURING ANURAN 
METAMORPHOSIS 


Only brief references to the biochemical 
alterations which occur during anuran meta- 
morphosis have been discussed in the earlier 
review of Etkin (1955), Lynn and Wachow- 
ski (1951), and Wald (1958). A more com- 
plete review has been given by Urbani 
(1957). There has been no comprehensive 
review in which the diverse biochemical mod- 
ifications occurring during anuran metamor- 
phosis have been integrated about a unified 
concept. In the text which follows, biochemi- 
cal changes during anuran metamorphosis 
will be discussed as pertinent to the adaptive 
value they contribute to an organism trans- 
forming from a free swimming, aquatic larval 
form to a terrestrial, air breathing, adult form. 

Thus during metamorphosis, biochemical 
alterations are occurring which may be con- 
sidered to: (a) Have an apparent direct 
adaptive value, or (b) Serve as a basis for 
morphological, chemical, or other changes 
which have adaptive value. 

It is not always easy to decide whether a 
significant chemical change is directly adap- 
tive or only indirectly so. Possibly all the 
transitions observed will prove to be directly 
adaptive to land living when properly appre- 
ciated. Therefore we emphasize the arbitrary 
and temporal nature of this distinction and 
anticipate a steady migration of the less well 
understood chemical alterations into the pri- 
mary adaptive category. 

In relating biochemical changes to the 
anurans’ adjustments to land, it is not meant 
to deny the many useful descriptions of meta- 
morphosis as an extended embryological proc- 
ess. Indeed, many embryologists consider 
metamorphosis as merely a terminal phase 
of embryonic development. Witschi includes 
three chapters on metamorphosis in his recent 
book, Development of Vertebrates (1956). 
Many of the biochemical changes during 
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metamorphosis parallel foetal to adult 
changes including the increase in serum al- 
bumin, the reduction in oxygen binding by 
the prevailing hemoglobins, and the develop- 
ment of the urea cycle enzymes. Some of the 
most useful arguments in support of the 
classical recapitulation theory are drawn from 
the events of anuran metamorphosis. The 
tadpole to frog transition illustrates many 
of the essential features of biochemical evolu- 
tion. Since these two outlooks are well known, 
an equally general but less used viewpoint 
based on chemical adaptation has been pre- 
ferred in an attempt to integrate the bio- 
chemical changes which have been observed 
during anuran metamorphosis. 

The biochemical changes accompanying 
anuran metamorphosis which contribute to 
land adaptation may be listed as follows: 


1. The shift from ammonotelism to ureo- 
telism during metamorphosis. 
The increase in serum albumin. 
The change in the structure and bio- 
synthesis of the hemoglobins. 
The change in digestive enzymes. 
The augmentation of respiration. 


- THE SHIFT FROM AMMONOTELISM TO 
UREOTELISM DURING ANURAN 
METAMORPHOSIS 


It is axiomatic in the classical approach to 
comparative biochemistry, particularly as de- 
veloped by Needham (1942) and Baldwin 
(1940), that the nature of an animal’s nitro- 
genous excretory product is a function of its 
environment and - phylogenetic position. As 
early as 1931 Needham emphasized that am- 
monia is the principal end product of protein 
metabolism of aquatic animals, but is sup- 
planted by urea or uric acid in amphibians, 
birds, reptiles and mammals. An abundance 
of water is required for the efficient elimina- 
tion of ammonia because of its great toxicity. 
Terrestrial animals have urea or uric acid 
as the predominant nitrogen excretion prod- 
uct. Mammals are ureotelic, urea being the 
main end-product, whereas birds and reptiles 
are primarily excretors of uric acid, i.e., uri- 
cotelic. Between these permanently aquatic 
vertebrates and strictly terrestrial animals are 
the amphibians, vertebrates making a transi- 
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tion from an aquatic to a terrestrial environ- 
ment in their life cycle. 

From these results it is apparent that the 
nitrogen excretion pattern of amphibians 
might fluctuate between that of their aquatic, 
ammonotelic, and terrestrial, ureotelic rela- 
tives. At the outset of metamorphosis, or 
under the influence of the metamorphic stim- 
ulus, Ts, alterations in the nitrogen excretion 
pattern begin to occur — alterations which 
have adaptive value for terrestrial existence. 
The anurans make the transition from am- 
monotelism to ureotelism very dramatically. 
Baldwin (1940) has summarized this change 
as follows: 

“The common frog hatches from the egg as an 

aquatic ammonia-excreting tadpole, but at about 

the time that it develops the ability to go on to 
the land, ammonia excretion ceases and is super- 
seded by that of urea. This is evidently an 
adaptation without which it would be impossible 
for the animals to spend even a part of their time 
on the land on account of the difficulty of getting 
rid of ammonia. Urea, like the ammonia which 
it replaces, is a very soluble and very diffusible 
substance, but differs from it in that it is non- 
toxic even in relatively high concentrations. It 
could therefore be formed and remain in the 


body for some time before being excreted, a fact 
of which these amphibious animals have taken 
full advantage.” 


A. Ammonia and urea excretion— 
Some time ago Bialaszewicz and Mincovna 
(1923) demonstrated that anuran tadpoles 
excrete a large fraction of their nitrogen in 
the form of ammonia, whereas the adults 
excrete almost all their nitrogen as urea. 
Munro (1939) found that prometamorphic 
R. temporaria excrete about 90 per cent of 
their nitrogen as ammonia. As shown in 
Fig. 5, at the metamorphic climax the excre- 
tion pattern changes with urea becoming 
the principal nitrogen containing product. 
Froglets excrete only some 12 per cent of 
their nitrogen as ammonia. A similar change 
has been observed in other species including 
Bufo vulgaris and Bufo bufo (Munro, 1953) 
and R. catesbeiana (Brown et al. 1959). 
This change has also been observed during T, 
induced metamorphosis of T. temporaria and 
other species (Munro, 1953). 

Unlike Rana and other toads studied, the 
adult clawed toad, Xenopus laevis, a per- 
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FIG. 5. The transition from ammonia to urea ex- 
cretion in R. temporaria tadpoles, Data adapted 
from Munro (1939). 


manently aquatic form, continues to excrete 
the bulk of its nitrogen as ammonia (Munro, 
1953). Umnderhay and Baldwin (1955) re- 
ported that the relative percentage of am- 
monia excreted decreases and reaches a mini- 
mum at the time when the animal enters the 
metamorphic climax, then begins to increase 
and continues to increase into the adult stage. 
The adult also fits into this general picture. 
Under the influence of intrinsic stimuli, 
Xenopus laevis, for which there is no adap- 
tive value associated with ureotelism, con- 
tinues as an ammonotelic organism into 
adulthood. If, however, the adult Xenopus 
is subjected to the environmental stimulus 
of dryness it does undergo a change toward 
ureotelism. 

B. Increases in the activity of the Krebs- 
ornithine cycle enzymes—Does the shift from 
ammonotelism to ureotelism find an expres- 
sion in the enzymic personality of tadpole 
tissues? There is a remarkably complete 
correlation of the alteration in principal 
nitrogenous excretory products with enzyme 
development. The important metabolic se- 
quences involving the conversion of ammonia 
to urea are depicted in the Krebs ornithine- 
urea cycle shown in Fig. 6. A key enzyme 
in this cycle is arginase which is directly 
responsible for urea production. Following 
the work of Munro (1939, 1953) we made a 
thorough study of liver arginase activity dur- 
ing induced and spontaneous metamorphosis 
(Dolphin and Frieden, 1955). Our most sig- 


nificant results are summarized in Fig. 7. 
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FIG. 6. The Krebs-urea-ornithine cycle, empha- 
sizing the position of ammonia and urea. From 
Cohen, (1958). 


In both the toad and the swamp frog, a 
direct relationship was obtained between the 
morphological stage and an increased argi- 
nase activity. The arginase activity responded 
more rapidly to Ts and T, than did the mor- 
phological conversion. The increase in 
arginase has been confirmed subsequently by 
Brown and Cohen (1958) in another species, 
R. catesbeiana. 

A thorough study of the enzymes in liver 
involved in the synthesis of arginine from 
ornithine was also recently made by Brown, 
Brown and Cohen (1959), Fig. 8. As ex- 
pected, the three enzymes, carbamylphos- 
phate synthetase, ornithine transcarbamylase 
and argininosuccinate synthetase, increase in 
activity at the onset of metamorphosis and 
remain at an elevated level in the adult frog. 
The 50-fold increase in carbamylphosphate 
synthetase is especially striking. Mixed ac- 
tivity studies of tadpole and frog extracts 
failed to demonstrate the presence of inhibi- 
tors or activators which might account for 
changes in activity of this enzyme. The ab- 
sence of inhibitors or activators thus suggests 
than an increased rate of de novo synthesis 
of carbamylphosphate synthetase takes place 
at the time the animal becomes anatomically 
and physiologically attuned. to moving from 
its aquatic habitat. Further evidence, for the 
synthesis of this urea cycle enzyme during 
metamorphosis comes from the work of Paik 
and Cohen (1960). A linear relation between 
the specific activity of carbamylphosphate 
synthetase and metamorphic changes (hind 


123 


leg length to tail length) was found for T4- 
induced metamorphosis. Since these and 
other investigators have found no increase in 
succinoxidase and a delayed increase in cata- 
lase activities in liver, selective stimulation 
of protein synthesis by the thyroid hormone 
has been proposed (Frieden and Matthews, 
1958, Paik and Cohen, 1960). 

On a basis of a comparison of the activi- 
ties of the urea cycle enzymes, assuming each 
in turn to be rate-limiting, and of a calcula- 
tion of the amount of urea synthesized in 
the tadpole liver, Brown et al. (1959) con- 
cluded that the rate-limiting step of the urea 
cycle could be that catalyzed by the arginino- 
succinate synthetase condensing enzyme. 
Thus the cause per se for the increase in 
rate of urea synthesis and excretion in meta- 
morphosing tadpoles would appear to be the 
increase in activity of the citrulline-aspar- 
trate condensing enzyme. 
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FIG. 7. Increase in arginase activity in Bufo and 
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taneous metamorphosis. Data from Dolphin and 
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FIG. 8. Increase in arginine synthesizing enzymes 
during spontaneous metamorphosis. Figure modi- 


fied from that of Brown, Brown and Cohen (1959). 


The picture emerging from these studies 
is that of a stimulation of de novo urea cycle 
enzyme synthesis by Ty. The appearance and 
increase in activity of these enzymes results 
in the preparation of the organism for a 
terrestrial existence by the transition from 
ammonotelism to ureotelism. 


INCREASE IN SERUM ALBUMIN AND 
SERUM PROTEIN 


VII. THE 


The physiological versatility of the serum 
proteins is well known. Probably their most 
important role, particularly that of albumin, 
is the maintenance of blood volume through 
osmoregulation. Therefore it is not unex- 
pected that, in the transition from fresh water 
to land, there would be a significant adjust- 
ment of the mechanism regulating osmotic 
pressure. The extent of this change has con- 
tinued to astound us since we first noted the 
virtual absence of albumin in tadpole serum 
several years ago (Frieden et al. 1957). 


The method of paper electrophoresis was 
ideal for the study of numerous small samples 
of tadpole serum. A simple method for the 
quantitative bleeding of tadpoles was de- 
vised. A collecting tube made from 5 mm 
soft glass tubing extended to a capillary was 
inserted into the bifurcation of the conus 
arteriosus of an anaesthetized tadpole. Heart 
action pumped the blood into the tube. 
10-40 yl serum samples were electropherized 
under typical conditions (pH 8.6, barbital 
buffer of ionic strength .075, 16 hours). Af- 
ter fixing, staining and drying, patterns such 
as shown in Figs. 9 and 10 were obtained. 


Rane heckscher! 
TADPOLE 


o 


R. heckscheri. The 


FIG. 9. Top five strips: 
albumin peak in Tadpole-8 is very small, increasing 
during metamorphosis to a maximum in Frog-5. 
In this latter group, there is a less densely staining 
fraction moving almost as fast and merging with 


the deeply stained main albumin fraction (see 


arrows). 

Bottom three strips: X. laevis. The changes in 
the serum proteins of the fully metamorphosed 
animal upon maturation can be seen by a com- 
parison of the strip for the small frog (Frog-7) 
with that for the larger frog (Frog-8). 
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In these figures the numbers designating the 
individual strips correspond to the particular 
group in Table 2. 

A. Increase in A/G ratio and albumin 
concentration with metamorphosis — The 
most striking change in the four species 
studied is the increase in, and the eventual 
predominance in, the fastest moving frac- 
tion, corresponding to the increasing meta- 
morphic development of the tadpoles. This 
fraction has the same electrophoretic mobility 
as human serum albumin in the case of 
Ranidae, and also shares the intensive stain- 
ing properties of human serum albumin. 
Under our experimental conditions this frac- 
tion has an anodal migration of 7 cm. for 
the Ranidae and 8 cm. for the Xenopus 


Rano grylio 


aun ew 


FIG. 10. Typical paper strips showing the elec- 
trophoretically separated serum proteins stained 
with bromophenol blue for R. grylio. Group desig- 
nations are as in Fig. 12 and Table 2, and.are 


explained in the text. The gradual increase in the 
intensity of the albumin fraction during metamor- 
phosis is striking and the redistribution of the 
globulins can be followed. . 
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samples. The slower moving fractions are 
considered to be globulins. 

The migration of the 7 cm. fraction re- 
mains relatively constant for all stages of a 
given species so that its evolution may be 
conveniently surveyed as the tadpole develops 
into the adult frog. Further, it has the same 
migration for all stages of the Ranidae species 
studied. The actual chemical relationship of 
the fast moving fractions to each other or to 
human serum albumin is open to conjecture; 
however, based on identical electrophoretic 
mobilities, we may postulate that they are 
similar. Xenopus laevis serum affords the 
only instance of an albumin of a different 
mobility, as indicated in Fig. 9. 

In Fig. 9 the appearance of the fast mov- 
ing albumin band is easily observable. This 
species, R. heckscheri, the Florida swamp 
frog, is noteworthy in that its tadpole seems 
to have almost no detectable serum albumin. 
In other species, the albumin is always very 
low but usually discernible. If albumin is 
added to tadpole serum it appears in the 
expected place indicating that the albumin 
is not being held in the globulin region by 
some chemical interaction. Albumin produc- 
tion can also be induced by giving Ts; to 
young tadpoles. 

Fig. 10 shows representative electrophero- 
grams for various stages of the Southern 
bull frog, R. grylio. The quantitative picture 
is essentially similar to that of the swamp 
frog although some albumin is detectable in 
the young tadpole. The postmetamorphic 
froglet has a picture similar to that of the 
adult frog. 

The photographs show single representa- 
tive animals from appropriate groups identi- 
fied in Table 2. To obtain group statistics, 
we have made dye intensity measurements 
and then averaged these for the results in 
Figs. 11-14. These averages and the indicated 
deviations again represent the animals de- 
scribed in Table 2 and provide the basis for 
the more detailed discussion given below. 

B. Changes in the serum proteins of R. 
heckscheri—Changes in the Rana heckscheri 
patterns (Fig. 11) are most dramatic in that 
the young tadpole (Tadpole-8) starts with 
an extremely low level of albumin (0.007 gm 





TABLE 2. Changes in hind leg to tail and albumin to globulin ratios during anuran 
metamorphosis. 
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Designation 


Description 


L/T* 








R. grylio 
Tadpole-1 
Tadpole-2 
Tadpole-3 
Tadpole-4 
Tadpole-5 
Frog-1 
Frog-2 


Early metamorphosis 
3 days after Ts inj. 

5 days after Ts inj. 

6 days after Ts inj. 

Intermediate 

Post metamorphosis 

Adult 


0.09 + .04 
0.18.03 
0.28+ .08 


0.36 + .07 
1.22.12 








R. catesbeiana 
Tadpole-6 
Tadpole-7 
Frog-3 
Frog-4 

R. heckscheri 
Tadpole-8 
Tadpole-9 
Tadpole-10 
Tadpole-11 
Tadpole-12 
Tadpole-13 
Tadpole-14 
Frog-5 


Early metamorphosis 
6/7 days after Ts inj. 
Post metamorphosis 


Early metamorphosis 
1 day after Ts inj. 

2 days after Ts inj. 
3 days after Ts inj. 
5 days after Ts inj. 
6 days after Ts inj. 
Intermediate 


Adult 


0.04+ .03 
0.39.09 


0.11.02 
0.07.02 
0.10+.05 
0.14.05 
0.18+.03 
0.41.16 
0.60 


0.12+.03 
0.16+ .04 
0.22+.05 
0.35+ .08 
0.54.14 
0.81.11 
0.90.01 


0.12+.02 
0.23+.08 
0.64 .09 
0.70+.07 


0.02 + .02 
0 

0.08+.05 
0.07 + .02 
0.09+ .02 
0.11.03 
0.14 

0.48.05 





R. Clamitans 
Frog-6 


Adult 








X. laevis 
Tadpole-15 
Frog-7 
Frog-8 


Early metamorphosis 
Weight ca. 3 gm 
Weight ca. 20 gm 





* Including standard deviations 
+ 2 groups of 6 each 


per 100 ml) which increases to a level of 
0.7 gm per 100 ml in the mature adult (Fig. 
13). This is reflected in an increase in the 
A/G ratio from 0.02 to 0.48 (Table 2). 
This effect is de-emphasized in Fig. 11 since 
only half the volume of serum was used for 
Frog-5 (20 wl) as for the R. heckscheri tad- 
poles (40 yl). The intermediate animal 
(Tadpole-14) falls into place with respect to 
the height of the albumin peak and a value 
of the A/G ratio of 0.14. Thus the increase 
in albumin coincides with the progress of 
spontaneous metamorphosis. For T3-induced 
metamorphosis (Tadpole groups 11-14 of 
Table 2 and Fig. 11) the increase in A/G 
ratio to 0.08 after two days precedes any 
observable morphological effect. However, 


the final ratio of 0.11 (Tadpole-13) does not 
approach the ratio of 0.48 (Frog-5) reached 
after metamorphosis. 

C. Changes in the serum proteins of R. 
grylio and R, catesbeiana—R. grylio (Tad- 
pole-1) and R. catesbeiana (Tadpole-6) tad- 
poles have a higher A/G ratio (0.12 for both) 
and higher albumin concentrations than the 
comparable R. heckscheri tadpole (Tadpole- 
8). The A/G ratios in the mature animals 
of both of these species (Frog-2 and Frog-4) 
reach 0.90 and 0.70 respectively. The al- 
bumin concentrations for the frogs R. grylio 
and R. catesbeiana are similar (about 1 gm’ 
per 100 ml.) and higher than that for the 
R. heckscheri frog. Included in Figs. 12 and 
13 and Tables 2 and 3 are results obtained 
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Rona heckscheri 
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TADPOLE-|! 


TADPOLE - |3 


TADPOLE - 14 
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FIG. 11. Composite electrophoretic patterns for 
the serum proteins of R. heckscheri at various 
stages of metamorphosis. Spontaneous metamor- 
phosis: Tadpole-8 (early metamorphosis), Tad- 
pole-14 (intermediate), Frog-5 (adult). Ts-in- 
duced metamorphosis: Tadpole-11 and -13 (3 
and 6 days after Ts injection). Details for the 
group designations are in the text. Globulin Frac- 
tions a,b,c, and d are indicated. The fraction with 
the greatest migration is the albumin. Serum 
volume: tadpoles, 40 ul; Frog-5, 20 wl. Herner 
and Frieden (1960). 


for the species R. grylio and R. catesbeiana 
both for postmetamorphic frogs (Frog-1 and 
Frog-3) and for the mature animals (Frog-2 
and Frog-4). The data for these species show 
that after the animals complete metamorpho- 
sis their serum protein picture remains essen- 
tially unchanged. Growth of the animals 
does not lead to any further change either 
in the distribution of these proteins or the 
total concentrations. In both these species, 
Ts treatment stimulated albumin production 
and caused redistribution of the globulins. 
D. Comparison of the electrophoretic pat- 
terns of the Ranidae—The patterns of the 
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R. catesbeiana tadpole in early metamorpho- 
sis (Tadpole-5) and both the post-metamor- 
phic and adult frogs (Frogs-3,-4) of this 
species have the same general shape as the 
patterns of comparable animals of the species 
R. grylio (Tadpole-1 and Frogs-1,-2). The 
difference for these two species in their termi- 
nal T;-treated animals (Tadpole-4 and Tad- 
pole-7) is noted above. 
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FIG. 12. Composite electrophoretic patterns for 
the serum proteins of R. grylio at various stages of 
development. Spontaneous metamorphosis: Tad- 
pole-1 (early metamorphosis), Tadpole-5 (inter- 
mediate),’ Frog-1 (postmetamorphosis), Frog-2 
(adult). Ts induced metamorphosis: Tadpoles-2, 
-3, and -4 (respectively 3, 5, and 6 days after 
Ts injection). The volume of serum applied was 
20 yl in all cases. Herner and Frieden (1960). 
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Rana catesbelana 
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FIG. 13. Composite electrophoretic patterns for 
the serum proteins of R. catesbeiana at various 
stages of development. Tadpole-6 (early meta- 
morphosis), Tadpole-7 (6-7 days after Ts injec- 
tion), Frog-3 (postmetamorphosis), and Frog-7 
(adult). 20 yl of serum were applied for the tad- 
poles and 10 ul for the frogs. Herner and Frieden 
(1960). 


Though the albumin level is low in the 
terminal T3-treated animal (Tadpole-13) and 
the intermediate animal (Tadpole-14) of R. 
heckscheri, the globulin distribution of these 
animals is comparable to that in correspond- 
ing animals of R. grylio. The frog patterns 
of all three species are almost identical with 
the slight variation mentioned previously for 
R. heckscheri frogs. It is surprising that the 
adult frog of another Ranidae species, Rana 
clamitans (Fig. 14) has so low an albumin 
fraction in comparison to the other three 
Ranidae studied. 

The composite electrophoretic patterns 
clearly show an extensive redistribution of the 
globins during metamorphosis. However, we 
feel that the multiplicity and interactions of 
the globulins necessitate cautious interpreta- 
tion of this data. Therefore, we only cite 


the shift of the globulins from arbitrarily 
labelled Fraction ¢ to Fraction a, and to a 
lesser extent, Fraction d during metamorpho- 
sis. Only in R. heckscheri is there an increase 
in Fraction b. The T3-treated tadpoles in 
the three species reflected these migrations to 
Fractions a and b, but not to d. 

The young tadpole serum patterns of R. 
heckscheri are dissimilar to those of R. grylio 
and R. catesbeiana. Yet these three species 
change to a similar pattern at the completion 
of metamorphosis. This effect has its counter- 
part in the morphology of embryological de- 
velopment. De Beer (1958) notes that there 
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FIG. 14. Composite electrophoretic patterns for 
the serum proteins of X. laevis at three stages of 
normal development and for the adult R. clamitans. 
The albumin peak for the X. laevis animals is dis- 
placed to the right of the position for this peak in 
the Ranidae and adult human sera (shown). Two 
peaks are present in the albumin area in the serum 
of the adult R. clamitans. Serum volumes: Tad- 
pole-15, 100u1; Frog-6, -7 and -8, 20]; adult 
human 10 wl. Herner and Frieden (1960). 















are cases of structurally divergent embryos 
which will, in the course of their develop- 
ment, become similar in structure. This 
phenomenon was given the name caenogene- 
sis by Haeckel (1875). 

E. Alterations of serum proteins of X. 
laevis—The electrophoretic patterns of the 
Xenopus laevis animals are presented in Figs. 
9 and 14 and the A/G data in Table 2. The 
A/G ratio for the earliest stage of tadpoles 
of this species (Tadpole-15) is considerable 
(0.20). It increases to 0.52 with the com- 
pletion of metamorphosis. At variance with 
the Ranidae species discussed above, the A/G 
ratio and the total protein concentration con- 
tinues to increase as the frog matures. The 
A/G ratio reaches 1.49 and the total protein 
concentration becomes 3.5 gm per 100 ml 
for the 20 gm frog (Frog-8). 

There is an increase in all the globulins 
during metamorphosis and the appearance of 
faster moving globulins in the more advanced 
animals (Fig. 14). During growth of the 
Xenopus frogs, the globulins appear to redis- 
tribute, the most noticeable effect being the 
diminution of the fractions with a mobility in 
the middle range. The globulin distribution 
of the larger Xenopus frog (Frog-8) is more 
comparable to that of adult human serum 
than to the globulin patterns of the Ranidae 
frogs. 

F. Total serum protein concentration— 
Table 3 shows that as an animal undergoes 
metamorphosis, either T;-induced or spon- 
taneous, there is usually an increase in the 
total serum protein concentration associated, 
to a large extent, with an increase in the 
albumin concentration. Of the Ranidae, on 
the basis of percentage increase, the effect is 
most marked for R. heckscheri and least so 
for R. grylio. The T3-treated R. grylio does 
not show a significant change in serum pro- 
tein. For the Xenopus frogs there is a sig- 
nificant increase in the total protein concen- 
tration with growth. 

G. Adaptive role of the serum proteins— 
The increase in albumin in the Ranidae can 
be ascribed to new needs which the animals 
acquire in developing from the water-dwell- 
ing form to a complex terrestrial animal. 
The frog, with its more complex circulatory 
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system, requires a greater serum protein con- 
centration from the standpoint of peripheral 
osmotic exchange (Redfield, 1933) and for 
the maintenance of blood volume (Edsall, 
1947). Albumin, by virtue of its small 
molecular weight and its highly-charged state 
at physiological pH’s, is a superior protein 
for achieving the necessary osmotic balance. 
Whipple (1956) even suggests that the osmo- 
tic parameter may itself be stimulatory for 
the biosynthesis of albumin. 

Collateral to the osmotic requirements of 
the blood is the necessity for greater carrying 
capacity per unit volume of blood for the 
small molecules required by the tissues. The 
transport function of serum proteins and par- 
ticularly of albumin is well known. An in- 
crease in albumin concentration fulfills both 
the osmotic and the transport needs, resulting 
in a blood more efficient for metabolic ex- 
change in the frog than in the tadpole. 

H. Comparative embryology of the serum 
proteins—There is a precedence for an in- 
creased serum protein in embryological differ- 
entiation. Moore, Shen and Alexander 


TABLE 3. Variations in total serum protein con- 
centration during anuran metamorphosis. 








No. of Protein conc. 














Species Group Animals (gm/100ml)* 
R. grylio Tadpole-1 7 1.42+.30 
Tadpole-2 3 1.28.27 
Tadpole-3 + 1.47.10 
Tadpole-4 4 1.41+.40 
Frog-1 + 2.19+.17 
Frog-2 4 1.97.12 
R. catesbeiana Tadpole-6 7 1.16+.19 
Tadpole-7 8 1.74+.39+ 
Frog-3 3 2.56 + .50F 
Frog-4 4 2.56 .53F 
R. heckscheri Tadpole-8 7 0.35 .04 
Tadpole-13 8 0.92 + .22+ 
Frog-5 4 2.03.19 
X. laevis Tadpole-15 12 0.2% 
Frog-7 2 2.3# 
Frog-8 2 3.5# 











* Including standard deviations. 
+ Trichloroacetic acid insoluble nitrogen x 6.25. 
t Two pooled samples of serum each from six 
animals. 
# Estimated from the electrophoretic patterns. 
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(1945) have followed the changes in the 
serum proteins during the embryological de- 
velopment of the higher vertebrates and 
found that the sera of developing chick and 
pig embryos increase in total protein concen- 
tration. The serum albumin of chicks and 
pigs becomes the predominant fraction dur- 
ing the later developmental stages. In the 
early embryos, the a- and £-globulins pre- 
dominate. The component with a mobility 
similar to mammalian y-globulin does not 
appear until rather late. 

I. Role of the liver in serum protein syn- 
thesis—Because of the importance of the 
liver in the synthesis of serum proteins, the 
changes in the nature and quantity of the 
serum proteins that are observed during 
metamorphosis would be expected to be re- 
flected in the metabolic and structural nature 
of the liver. Henriques and co-workers 
(1955) have shown that, in the rabbit, the 
serum proteins synthesized by the liver repre- 
sent 40 per cent of the total protein output 
of this tissue. Kaywin (1936) demonstrated 
the effect of thyroid hormone in altering the 
cytological structure of the liver during ac- 
celerated anuran metamorphosis. An increase 
in the size and a change in the gross structure 
of the liver has also been noted (Frieden and 
Mathews, 1958). Modifications of the meta- 
bolic nature of the liver are indicated by the 
studies of enzymic activities (Urbani, 1957; 
Frieden and Mathews, 1958; Brown et al., 
1959) and changes in nucleic acid metabo- 
lism, (Finamore and Frieden, 1960). Extra- 
hepatic changes may account for electro- 
phoretic alterations in the y-globulins and the 
hemoglobins which accompany anuran meta- 
morphosis. 


Vill. THE CHANGE IN THE MOLECULAR 
PROPERTIES AND BIOSYNTHESIS OF 
HEMOGLOBIN 


Another significant adaptive change that 
occurs during metamorphosis is the altera- 
tion in the properties and biosynthesis of 
hemoglobin. It was shown earlier by Mc- 
Cutcheon (1936) and later by Riggs (1951) 
that hemoglobin isolated from tadpole red 
cells has a greater oxygen affinity and is vir- 
tually independent of pH, whereas the bind- 


Ear.L FRIEDEN 













‘ Lu 


PH 6.20()— OPE ee 


100} 
PH732(e) ,PH9.0(s) 1 
PH 8.4 ) 


ADULT 7 
PH 7.22 


PH 694 


5 

eE 

& 607 

5 EFFECT OF PH 
ON 

+ 40+ OXYGEN EQUILIBRIUM | 
OF 


BULLFROG HEMOGLOBIN- 


20°C 











" 6 6 2 32 4 48 
OXYGEN PRESSURE (MM OF HG) 
FIG. 15. Comparison of the oxygen dissociation 
curves of the tadpole and frog hemoglogins of R. 
catesbeiana, showing the pH (Bohr) effect in the 
frog and the relative absence of this effect in the 
tadpole. From Riggs (1951). 





ing of oxygen by frog hemoglobin is very 
sensitive to pH (Bohr effect). This is clearly 
revealed in Riggs’ data summarized in Fig. 15 
(1951). At pH’s 6.28, 7.32, and 9.0 oxygen 
binding by tadpole hemoglobin scarcely varies 
while frog hemoglobin varies considerably in 
oxygen binding from pH 6.9 to 84. At 
physiological pH’s the difference in binding 
between the two hemoglobins is pronounced. 
Tadpole blood has a large oxygen “loading 
capacity” whereas the blood of the adult has 
a lesser “loading capacity” but a greater “un- 
loading capacity”. 

The adaptive feature of this change in 
hemoglobin oxygen affinity during anuran 
metamorphosis may arise from the necessity 
for a superior oxygen-capturing mechanism 
for the tadpole because of its essential limita- 
tion to the dissolved oxygen in its aqueous 
environment. Alternatively, it may be argued 
that the lowered oxygen binding of the frog 
hemoglobin provides for its rapid and pro- 
digous needs for oxygen to permit its greater 
powers of locomotion on land. ‘Thus it is 




















believed that this biochemical alteration as 
well as gross morphological changes (resorp- 
tion of gills; development of lungs) prepare 
anurans for the passage from their aquatic 
environment with a low oxygen tension to 
their terrestrial habitat with an increased 
availability of oxygen. 

Riggs (1951) also found that tadpole 
hemoglobin had the normal vertebrate molec- 
ular weight of 68,000. Obviously the differ- 
ence in the properties of tadpole and frog 
hemoglobin must be reflected in molecular 
differences. Dr. Albert E. Herner and I have 
examined this question in some detail. First 
of all we confirmed the fact that the heme 
portion is the same for both the tadpole and 
frog hemoglobins of several species. The 
absorption spectra for oxyhemoglobin solu- 
tions all show the same shape with identical 
visible maxima at 541mp and 578mp. Thus 
the difference observed can be most reason- 
ably attributed to the changing character of 
the protein moiety, the globin. 

A. Reduction in electrophoretic mobility of 
hemoglobin during metamorphosis—Varia- 
tions in the amino acid composition of hemo- 
globin usually show up in different electro- 
phoretic mobilities. When a hemoglobin 
solution from the red blood cells of tadpoles 
or frogs of R. grylio is subjected to paper 
electrophoresis at pH 8.6 for 18 hours, data 
such as depicted in Fig. 16 and Table 4 were 
obtained. In tadpoles, there is only one band 
with the characteristic reddish brown color 
of hemoglobin at 11.2 cm in the anodal direc- 
tion from the origin. This is a relatively high 
mobility compared to human hemoglobins F 
and A, which migrate to respective positions 
of 2.5 cm and 3.5 cm under identical ex- 
perimental conditions. T 3 treatment results 
in an apparent decreased mobility of the 
major hemoglobin band to 10.6 cm and 
eventually in the appearance of a new frac- 
tion at 7.2 cm. In the spontaneous partially 
metamorphosed tadpole, two principal hemo- 
globin bands are evident at 7.0 cm and 9.7 
cm. Just prior to final metamorphosis the 
hemoglobin of lesser mobility becomes pre- 
dominant, until the hemoglobin of 6.5 cm 
mobility is present in a greater proportion 
than the hemoglobin of 7.6 cm mobility. 
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Thus there appears to be a marked transition 
in the electrophoretic mobility of tadpole 
hemoglobin as metamorphosis proceeds. We 
are isolating appreciable quantities of the 
respective hemoglobins preparatory to amino 
acid analysis. Of course, we expect that the 
fal! in anodal migration will be accompanied 
by an increase in basic amino acids such as 
lysine or arginine or a decrease in acidic 
amino acids as glutamic acid or aspartic 
acid. 

Recent work (C. D. Trader, J. Wortham 
and E. Frieden, unpublished) on the sedi- 
mentation constant of anuran red blood cell 
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FIG. 16. Metamorphic changes in the electro- 
phoretic character of the hemoglobins of R. grylio. 
Ts refers to animals treated with triiodothyronine 
and incubated for 5 or 6 days. The numbers in 
parentheses are the number of animals in each 
group. The cross-hatched areas represent intense 
fractions; the striped areas, lighter fractions. The 


migrations of the human hemoglobins F and A 
are included for comparison. 
Frieden, unpublished. 


From Herner and 
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TABLE 4. Electrophoretic distribution of soluble red cell proteins of R. grylio at various stages 


of metamorphosis. 








No. of 
Samples I 


Group 


Number Description 


1 Tadpole (L/T<0.12) 





$.3%0.7 
(4) 
2 Ts-Treated 7 —4,9+0.3 
(L/T-0.3) (6) 
3. Tas-Treated is 
(L/T-0.3) 
Part. Metamorphosed 
(L/T-0.6) 
Part. Metamorphosed 
(L/T-0.6) 
Part. Metamorphosed 
(L/T>7.2) 5 
Frog 7 


11 


5.2 
(7) 


+ Figures represent migration of Components in cm, including standard deviations. 


5.0£0.2* 
9 


Non-hemoglobin Fractionst 


Hemoglobin Fractionst 


—3.8+0.3 
—3.9+0.1 10.4£0.4 


—3.8+0.0* 
(2) 


10.6+0.3 


7.0£0.1 9.7+0.1 


—3.9+0.1* 6.8+0.2* 9.7£0,1* 


5.6£0.2 8.3£0.5 


6.4£0.3 7.6+£0.5 


* Average deviation from the Mean of two values. 
Italicized numbers refer to the number of samples in which a given fraction is found, if this num- 


ber is less than the total number of samples. 


proteins has revealed marked transition in 
their molecular species during metamorphosis 
in still another way. In R. grylio, the tad- 
pole shows one principal hemoglobin species 
in the ultracentrifuge with a Svedberg con- 
stant of 4.3. Adult R. grylio frogs red blood 
cells always have two principal components 
of 4.3 §. and 6.5 §. Occasionally a third 
component of 10.5 § also is noted. This in- 
crease in sedimentation constant may reflect 
a dimerization or trimerization of hemoglobin 
and certainly an appreciable structural transi- 
tion of these proteins. 

B. Altered biosynthesis of hemoglobin 
Not only have the properties and structure of 
hemoglobin been altered during metamor- 
phosis, but we have evidence for a signifi- 
cantly different biosynthetic mechanism. In- 
deed, McCutcheon (1936) even noted that 
red cells of R. catesbeiana become more 
elliptical after differentiation and we have 
confirmed this for several other species. The 
red cell count increases proportionately with 
the increase in blood hemoglobin concentra- 
tion. 

To gain insight into the mechanism of 
hemoglobin biosynthesis we have examined 
the non-chromogenic, water soluble proteins 
of tadpole and frog erythrocytes. These were 
detected by typical bromophenol blue staining 


techniques of paper electropherograms and 
densitometric tracings made as with the 
serum proteins. In the young tadpole a 
prominent non-hemoglobin protein fraction 
appeared at 7.6 cm as shown in Fig. 17 
(Fraction III). One or two other proteins 
with cathodal migrations, probably globins, 
also were detected (Fraction II; I is not 
shown). A similar protein picture was ob- 
tained for T3 treated tadpoles except for the 
cathodal proteins. During normal develop- 
ment, little change in these proteins is seen 
until close to the completion of metamorpho- 
sis (leg-to-tail ratio=2) where the non-hemo- 
globin protein fractions are present, as desig- 
nated Fractions III and IV in Fig. 17. The 
changes in the red cell proteins reach a final 
state in the young frog. No difference was 
observed between red cell extracts from 
young and adult frogs. Thus, as in the case 
of the serum proteins (Herner and Frieden, 
1960), the differentiation of the red cell pro- 
teins is complete just after metamorphosis. 
Using radioactive iron, we have also ob- 
served that in the tadpoles, there. was no 
localization of Fe*® in the area corresponding 
to Fraction III (7.6 cm). There is consider- 
ably greater Fe®® uptake during spontaneous 
metamorphosis, again exclusively in the 
hemoglobin areas on paper electrophoresis, 
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FIG. 17. Representative electrophoretic patterns 
showing the changes in the red cells during spon- 
taneous metamorphosis in R. grylio, Patterns are 
densitometric tracings of the bromophenol blue 
dyed paper strips. Fractions II and III are re- 
ferred to in the text. Not appearing in the pat- 
terns shown is Fraction I which, when present, is 
at a position of —5.1 cm and to the left of Frac- 
tion II. The shaded peaks at the origin are due 
to ghost cells. Herner and Frieden, unpublished. 








The Fe®® which appears in the 0-4 cm range 
is probably ghost or stroma bound iron (Fig. 
18). 

Thus it has been found that the tadpole 
produces one principal hemoglobin and a 
non-heme precursor of a new hemoglobin. 
As metamorphosis proceeds this non-heme 
protein is converted to a red hemoglobin in 
a process which is also accompanied by de- 
monstrable Fe®® uptake. The process for the 
synthesis of this new low mobility hemoglobin 
may be pictured using a scheme modified 
from Eriksen (1957) (Fig. 19). In tadpoles 
we have evidence for the presence of globin 
and the porphyrinogen-globin with a break 
indicated by the vertical dashed line. As 
metamorphosis proceeds, the capacity to con- 
duct the additional steps to complete ‘the 
synthesis of a new hemoglobin is acquired. 
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Presumably, it must be this new hemoglobin 
which shows a different oxygen binding and 
the Bohr effect. 

C. Red cell protein distribution in Am- 
phibia—The main hemoglobin fraction in R. 
catesbeiana and R. heckscheri tadpoles mi- 
grates further than the hemoglobin of the 
frog extracts, as in comparable R. grylio 
animals. Also, as in the case of R. grylio, 
the non-hemoglobin proteins, present in the 
extracts of the tadpole red cells, are not found 
in the solutions prepared from frog red cells. 

The positions of the hemoglobins of the 
frog and the tadpole of R. grylio and R. 
catesbeiana, as well as the position of Frac- 
tion III in R. grylio and the comparable 
fraction in the tadpole of R. catesbeiana are 
quite similar. This corresponds well to the 
similarity of the respective serum proteins of 
the frogs and the tadpoles of these two 
species. 
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FIG. 18. Differences in Fe**® uptake by red cells 
and in the incorporation of Fe**® into Hb in R. 


grylio at various stages of metamorphosis, The 
hemoglobin solutions prepared from the Fe*®-in- 
cubated red cells were subjected to paper electro- 
phoresis. Paper strips were cut into one cm seg- 
ments and evaluated in a G-M counter. The 
dosage was 4 uc of Fe°*/ml whole blood. Aill 
bloods were pooled samples from 3 or 4 animals. 
Herner and Frieden, unpublished. 
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FIG. 19. Possible mechanism of the biosynthesis 
of hemoglobins. An omission or block in the tad- 
pole may occur at the point indicated by X. 


The hemoglobins of the R. heckscheri tad- 
pole and frog are slower moving than the 
hemoglobins of the other two Ranidae 
species. In addition, a fraction correspond- 
ing to Fraction III in the R. grylio tadpole 
extract is not discernible in the tadpole pat- 
tern of R. heckscheri. The lack of similarity 
of the R. heckscheri patterns to those of the 
other two species also agrees with the findings 
in the serum protein studies (Herner and 
Frieden, 1960). There is evidence for multi- 
ple hemoglobins in both the frogs and tad- 
poles of the above species. 

The Xenopus laevis patterns are quite 
different from the above species in that the 
hemoglobin fractions are slower moving in 
both the tadpole and the frog, though they 
are in the same sequence. An additional 
hemoglobin fraction, near the origin, is pres- 
ent in the tadpole sample. There is no evi- 
dence for any non-hemoglobin proteins either 
in the tadpole or in the frog of Xenopus. 

The change to slower moving hemoglobins 
in anuran metamorphosis has its parallel in 
phylogeny. In a thorough study of the elec- 
trophoretic properties of amphibian and rep- 
tilian adult hemoglobins, Dessauer, Fox and 
Ramirez (1957) have shown that there is a 
tendency toward slower moving hemoglobins 
in the transition from the lower amphiba to 
the higher reptiles. 


IX. ALTERATIONS IN DIGESTIVE MECHANISMS 


The transformation of the tadpole to the 
frog produces a profound change in dietary 
habits. The aquatic tadpole is primarily a 
herbivorous animal whereas the land dwelling 
frog thrives on insects or other invertebrates, 
a protein-rich diet. This shift in diet is ac- 
companied by many morphological changes 
in the digestive tract which have been 
described by Ratner (1891) and supple- 
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mented by several others, Janes (1935), Liu 
and Li (1930), and Lim (1920). Alterations 
in the enzymic machinery of digestion also 
contribute to the frog’s ability to cope with 
its new, essentially carnivorous diet. The 
cytological demands on the pancreas are also 
geared to cope with new secretory demands 
on the pancreas. Aron (1928, 1930) and 
Gennaro (1953) have demonstrated an aug- 
mentation of increased pancreatic activity 
just before metamorphosis and continuing to 
the adult. Intestinal secretory and functional 
activity is also greatest in prometamorphosis 
as indicated by P**O, incorporation studies. 
The P®?O, uptake drops markedly when the 
reorganization processes of the gut begin. 

In this instance the cytological and ana- 
tomical evidence exceeds the biochemical 
data on the adaptation of the digestive sys- 
tem. There is confusion because of experi- 
mental difficulties and the presence of a non- 
feeding period at the metamorphic climax. 
Moreover, many of the digestive enzymes are 
high in the tadpole embryonic stage, fall dur- 
ing early larval development, and then in- 
crease on metamorphosis. Therefore the 
times selected for comparison may be crucial. 

Enzyme trends—Kuntz (1924) found a 
decrease in amylase activity coincident with 
the period of fasting during metamorphosis. 
As the animal resumes feeding after meta- 
morphosis, there is an acceleration of carbo- 
hydrate digestion and a higher amylase ac- 
tivity in both the pancreas and small intestine. 
Lipase activity also increases in the whole 
animal studies by Urbani (1955). Very re- 
cently Kaltenbach et al. (1960) have ob- 
served no appreciable change in liver esterase 
but a marked increase (up to 20 x) in serum 
esterase during the metamorphosis of R. 
grylio. The injection of T3 caused a two- 
to three-fold increase in serum esterase. 
Blacher and Liosner (1930) reported an in- 
crease in intestinal trypsin activity. How- 
ever pepsin activity seemed to disappear in 
the later stages of metamorphosis. An in- 
crease in acid proteinase (pH 4.2) but no 
change in basic proteinase in Bufo vulgaris 
was noted (Urbani, 1954). Coromaldi (1958) 
reported an increase in the acid RNase (pH 
5.6) of B. vulgaris tail and body. Alkaline 
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RNase decreases during all stages of meta- 
morphosis. Clearly stronger evidence is 
needed to clinch this evidence for biochemi- 
cal adaptation of the digestive machinery 
during anuran metamorphosis. 


X. THE AUGMENTATION OF RESPIRATION 


It is paradoxical that we still cannot firmly 
associate two of the oldest facts regarding 
the thyroid hormone and anuran metamor- 
phosis. It has been known for almost 50 
years that the thyroid hormone initiates meta- 
morphosis (Gudernatsch, 1912). That mam- 
malian respiration is under the profound 
control of the thyroid hormone has been 
realized for an even longer period (Magnus- 
Levy, 1895). Yet decisive experimental evi- 
dence associating a heightened oxygen uptake 
with spontaneous metamorphosis is still lack- 
ing (for a more detailed discussion see Lewis 
and Frieden, 1959). 

Significant increases in oxygen consump- 
tion after T; and T, injections were reported 
by Lewis and Frieden (1959). As shown in 
the representative data of Fig. 20, T; pro- 
duces a greater oxygen uptake whether cal- 
culated on the basis of the individual animal 
or per unit of wet weight. Additional data 
was presented for similar T, effects in this 
work and that of Martensson (1937). 
That the tadpole is highly capable of a 
calorigenic response was shown decisively in 
data presented in Fig. 21. Injected 2,4- 
dinitrophenol caused a 100% increase in 
oxygen uptake within two hours. As expected 
a smaller, more durable elevation in respira- 
tion was observed on immersion of tadpoles 
in the same total amount of dinitrophenol. 
Oxygen uptake can also be stimulated with 
epinephrine. 

Respiration and spontaneous metamor pho- 
sis—Experiments designed to follow respira- 
tion during normal metamorphosis are handi- 
capped by the changing structure of the 
animal. Methods suitable for following the 
oxygen uptake of an aquatic tadpole are 
frequently unsuitable for frogs. The problem 
is further complicated by the difficulty in 
selecting suitable criteria for comparison of 
the tissue unit of these animals. Etkin (1934) 
has correctly emphasized the danger of not 


correcting properly for the loss in body 
weight. This is why we reported our results 
in Fig. 20 using several measurements. 
Detailed oxygen consumption data during 
the various stages of normal metamorphosis 
have been published most recently by Wills 
(1936), Witschi (1956), and Lewis and 
Frieden (1959). Witschi (1956) notes a 
rapid fall in respiration at the conclusion of 
egg development and the outset of feeding 
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FIG. 21. Upper figure: Effect of injected DNP 
on the respiration of R. grylio tadpoles. The tad- 
poles were injected with 50 yl of 3.0 x 10°*M DNP 
(filled circles) two hours after the initial respira- 
tion was determined, The respiration was then 
determined as soon as possible after injection. 

Lower figure: Effect of immersion in DNP on the 
respiration of R. grylio tadpoles. The DNP group 
(filled circles) were immersed in 3.0 x 10°°M DNP 
at zero time. From Lewis and Frieden (1959). 


for R. pipiens. A small rise in oxygen uptake 
at metamorphosis is shown, but the data at 
this point is incomplete. The data of Lewis 
and Frieden (1959) agree essentially with 
that of Wills (1936) and Witschi (1956), 
but a sharp rise at the end of metamorphosis 
is ascribed to the greater activity of Bufo 
froglets, since at this stage they possess func- 
tional limbs. 

Since there may be no escape from the 
difficulties of the in vivo comparison of larval 
and adult forms with different habitats, we 
are currently approaching this problem in a 


different way. We propose to determine the 
oxygen consumption of various tissue slices 
or other tissue preparations after they have 
been removed from the tadpole and frog. 
In an extensive study Barch (1953) has 
already established that there is an almost 
two-fold increase in the metabolic rate of 
R. pipiens skin during both normal and in- 
duced metamorphosis. An extension of this 
approach to other tadpole tissues should 
yield a less equivocal answer to this question. 

If an increase in respiration during meta- 
morphosis is assumed, then we contend that 
an essential biochemical adaptation is in- 
volved. This adaptation may be transitory 
and may not persist throughout the entire 
life of the frog. A greater metabolic rate 
may be involved, as Barker (1951) has em- 
phasized, in making the necessary energy 
available for the many specialized processes 
of metamorphosis. The greater mobilization 
of enzymic machinery for metamorphosis is 
briefly discussed at the end of this paper. 
The possibility that atypical metabolic cycles 
may be involved in the respiration increase 
is considered later in the section on carbo- 
hydrate metabolism. 


XI. ADDITIONAL BIOCHEMICAL ALTERATIONS 
DURING ANURAN METAMORPHOSIS 


The foregoing discussion has dealt with 
biochemical changes which may be described 
as having immediate survival value to the 
metamorphosing tadpole. We now consider 
a number of interesting biochemical proper- 
ties of the metamorphic process which relate 
only indirectly to some structural differentia- 
tion or are unrecognized in their contribu- 
tion to adaptation. Yet some of the ideas to 
be presented, e.g. the transition of the visual 
pigment system, form an extremely fascinat- 
ing chapter in comparative biochemistry and 
in evolution. As emphasized earlier, it is 
anticipated that there will be a steady migra- 
tion of these “secondary” changes into the 
directly adaptive group. The major cate- 
gories of other biochemical changes which 
have been traced during anuran metamor- 
phosis are as follows: 


1. Transformation of the visual pigments 
2. Nucleic acid metabolism 
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Nitrogen metabolism 

. Carbohydrates 
Lipids 
Water balance 
Mechanism of tail resorption 
Transition of skin pigments 
Mobilization of enzymic machinery 


. Metamorphosis of the visual pigments— 
One of the more complete stories of com- 
parative biochemistry has been the evolu- 
tionary correlations involving the visual pig- 
ments as developed by Wald and his asso- 
ciates (1957, 1958). In metamorphoses of 
certain tadpole species, the anuran visual 
system is accompanied by a change from the 
porphyropsin (vit. Ay) to the rhodopsin (vit. 
A;) visual system as shown in Fig. 22. The 
survival value of a particular visual pigment 
pattern is not yet appreciated. Wald points 
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FIG. 22. Difference in the absorption spectra of 
R. catesbeiana tadpole and frog visual pigments. 


The difference in chemical structure of the vitamin 
A moiety is also given. Data from Wald (1947). 
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out that the small differences in the absorp- 
tion spectra of porphyropsin and rhodopsin 
are not likely to be of significance to the 
survival of particular animal forms in a 
particular habitat (1952). Probably the shift 
in visual pigments is a byproduct of the bio- 
chemical evolution of the vertebrate in the 
transition from water to land (Wald, 1952). 

The visual system of the adult form of a 
number of frogs is that characteristic of other 


tem (Wald, 1945-1946; Peskin, 1957; Collins, 
Love, and Morton, 1953). A number of 
species of anurans have aquatic larvae that 
have the porphyropsin visual system which 
is characteristic of freshwater inhabitants in 
general. Those larvae found to have the As 
pigment are R. catesbeiana (Wald, 1949), 
R. pipiens (Peskin, 1957), and Hyla rigilla 
(Collins et al., 1953). The finding that R. 
temporaria (Collins et al., 1953), R. esculenta 
(Collins et al., 1953), and Bufo boreas (Cres- 
citelli, 1958) tadpoles have only the A, sys- 
tem raises a question as to the generality of 
the occurrence of the A» system in the aquatic 
life stage of the frogs and toads. The per- 
manently aquatic clawed toad, Xenopus 
laevis, has been shown to have vitamin Ao 
almost exclusively in both the larval and 
adult retina (Dartnall, 1954). 

The generalization of Wald (1945-1946, 
1952) that the visual pigment patterns of 
marine, freshwater, and terresterial animals 
reflect the evolutionary course of development 
of the vertebrate visual system is consistent 
only with some of the available data. In this 
scheme the anurans are phylogenetically in- 
terpolated between aquatic and the terrestrial 
vertebrates, the metamorphosis of their visual 
system paralleling the visual changes in the 
evolutionary transition of vertebrates from 
water to land. 

The major objection to Wald’s view for 
vertebrates has come from the work of Mor- 
ton, Love, and Collins (1953) and their 
interpretation of Wald’s studies in relation 
to their own. On the basis of their studies 
involving R. esculenta and R. temporaria, 
which have vitamin A, in the larval as well 
as the adult retinas, these investigators argue 
for a dietary basis for the changes in visual 
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pigment occurring during metamorphosis. 
Their explanation assumes the dietary pres- 
ence of preformed vitamin Az or a specific 
pro-vitamin A» or both. All differences in the 
proportions of vitamin A, and vitamin A», 
in the retinal or liver tissues are ascribed to 
differences in food. However, Wilt (1959a, 
1959b) could find vitamin Ag only in the eye 
but not in the liver, intestine, or blood of 
R. catesbeiana larvae. This and other data 
suggest that diet is not responsible for the 
Wald (1945-1946) and Wilt (1959a, 1959b) 
data. By local implantation of T4-cholesterol 
pellets, Wilt demonstrated that an eye which 
has received a pellet consistently shows a 
greater increase in the vitamin A; content, 
rhodopsin system, than does the contralateral 
sham-operated eye or eyes from animals with 
pellets placed in the abdominal cavity. Thus 
T4 may act directly on the tissues of the eye 
rather than on some other organ which is 
responsible for the metabolic change. The 
possibility of a second metamorphosis, postu- 
lated by Wald (1958) and others, may also 
help to explain some of these (livergent data. 

Wilt (1959a) examined the specificity of 
the visual system enzymes concerned with 
visual pigment formation of R. catesbeiana 
to determine whether the larval retinal 
enzymes have a vitamin Ag specificity and 
whether a conversion to A, specificity occurs 
during metamorphosis. If one of the enzymes 
concerned with the formation of visual pig- 
ment has a specificity for vitamin A» or 
retinine 2 but changes its specificity during 
metamorphosis to include vitamin A;, then 
the changes from the porphyropsin to the 
rhodopsin system would have a rational en- 
zymic basis. Extracts of larval retina were 
incubated with adult retinine 1 and DPNH. 
A quantitative conversion of retinine 1 to 
vitamin A; occurred. From this Wilt con- 
cluded, in agreement with Wald (1949), that 
larval retinal alcohol dehydrogenase does not 
have a vitamin Az specificity alone. The 
isomerizing enzyme, retinine isomerase, was 
tested and likewise found to be non-specific. 
Mixed substrate studies should indicate 


whether enzymes specific for both vitamin 
A; and vitamin A, compounds were present 
in larval 


extracts or whether a_ vitamin 
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A,-Ae non-specific enzyme is present. Opsin, 
another component concerned with the for. 
mation of the visual pigment, was tested to 
determine its specificity. As had been shown 
by Wald and Brown (1956) the larval and 
adult opsin were interchangeable in their 
reaction with retinine 2 or retinine 1. This 
apparent lack of specificity indicates that the 
metabolic availability of the vitamin A pros. 
thetic group determines the nature of the 
visual pigment produced. 

B. Nucleic acid metabolism — Alterations 
in nucleic acid content and biosynihesis are 
probably secondary to the multiple reorienta- 
tion of proteins and enzymes which occur 
during anuran metamorphosis. It is, of 
course, now well-accepted that RNA is in- 
volved in protein biosynthesis and that DNA 
is a major component of the hereditary 
makeup of the cell. 

Nucleic acid content.—An increase in RNA 
per individual B. vulgaris until the beginning 
of the metamorphic climax was shown by 
Urbani (1954). Zacchei (1954) found an 
increase in tail RNA of B. vulgaris, beginning 
at the time of tail resorption. Perhaps the 
most striking change was found in induced 
metamorphosis. Finamore and _ Frieden 
(1960) observed a rapid fall in DNA (0.25% 
to about 0.10%) with a slight increase in 
liver RNA at the end of induced metamor- 
phosis (Table 5). The control animals 
showed no appreciable change. More will 
be said about this in the following section 
on biosynthesis. 

Biosynthesis of RNA and DNA.—A com- 
parison of nucleic acid biosynthesis during 
induced metamorphosis has been made in 
our laboratory (Finamore and _ Frieden, 
1960). The specific activity of P®O, in key 
phosphorous-containing fractions was meas 
ured in the two divergent tissues, liver and 
tail. Only the nucleic acid fraction showed 
marked differences in P?*O, uptake when T;- 
tadpoles were compared with normal tad- 
poles (Fig. 23). The nucleic acid fraction 
was resolved and the results summarized in 
Fig. 24. 

During induced metamorphosis the rate 
of incorporation of P®* as orthophosphate 
into the RNA, DNA, and protein of the liver 
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is increased and is observable before any 
morphological transformations are discernible 
(Fig. 24). There is a marked alteration of 
the liver RNA-to-DNA ratio during this time, 
due to a net synthesis of RNA coinciding with 
an apparent liver hypertrophy (Table 5). 
Incorporation of P**O, into the RNA, DNA, 
and protein of the tail increases for two days 
after initiation of metamorphosis and then 
ig maintained at a relatively constant level 
throughout the experimental period ; this sug- 
gests the premature establishment of an ap- 
parent “steady state” (Fig. 24). No differ- 
ences were observed in the nucleotide 
composition of either liver or tail RNA. 
Liver hypertrophy.—The decrease in liver 
DNA despite the increase in P®*Q, incor- 
poration suggests an important feature of 
liver response to T;. If triiodothyronine pro- 
duces hypertrophy of the tadpole liver, the 
liver weight should increase even though the 
cell number remains essentially constant and 
the amount of DNA/unit of wet weight 
should decrease. We have observed a 25-30% 
increase in liver weight on hormone treat- 
ment during the experimental period accom- 
panied by an approximate 40% decrease in 
the DNA content. Thus the weight increase 
could account to a major extent for the 
observed decrease in DNA content of the tad- 
pole liver; this observation strongly suggests 
that hypertrophy of the liver occurs during 
induced metamorphosis. Assuming this effect 
exists, then the slight tendency for the liver 


TABLE 5. 


BIOCHEMICAL ADAPTATION AND ANURAN METAMORPHOSIS 





Nucleic acid content of tadpole liver. Summary of nucleic acid analysis. 
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RNA content/unit of wet weight to increase, 
coupled with the stimulation of P®*O, uptake, 
indicates a substantial net synthesis of RNA 
in the tadpole liver during induced meta- 
morphosis. 

In view of the fact that hormone treat- 
ment does not alter the nucleic acid content, 
RNA-to-DNA ratio, or incorporation of 
P32Q, in the froglet liver, the nucleic acid 
effect is restricted to the liver of tadpoles 
undergoing metamorphosis. Since the RNA- 
to-DNA ratio of froglet liver corresponds to 
that of the control tadpole liver, tri- 
iodothyronine treatment of the tadpole pro- 
duces only a temporary alteration of this 
ratio. 

During induced and spontaneous metamor- 
phosis an increase in activity of many liver 
enzymes has been noted, but no enzymic 
effects have been recorded prior to the ap- 
pearance of morphological changes. In con- 
trast, the stimulation by triiodothyronine of 
P®2Q, incorporation into the liver RNA is 
apparent as early as two days after injection 
of the hormone before any morphological 
changes. Therefore, the increased incorpora- 
tion of P®*O, into liver RNA represents an 
early response in induced amphibian meta- 
morphosis. We assume that it is the prelude 
to increased protein biosynthesis. 

C. Nitrogen metabolism—In an organism 
such as the metamorphosing tadpole, where 
enormous tissue breakdown and pronounced 
tissue build-up are occurring simultaneously 


The average 


hind leg length to tail length ratio has been included to indicate the morphological effect of 


triiodothyronine treatment. 
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FIG. 23. Specific activity of acid-soluble, lipid, 
and total nucleic acid fractions at various times 
after P** injection. Groups of about 20 animals 
received single injections of 1 x 10°* moles per gm 
of body weight of 3,5,3’-triiodo-L-thyronine at 0 
days to induce metamorphosis; approximately 1 
hour later they were administered 100 yc of carrier- 
free’ P** as orthophosphate. Comparable control 
groups received only P**, Open symbols (C), con- 
trol group; closed symbols (T), hormone group. 
Finamore and Frieden (1960). 


in preparation of the organism for a transfer 
from one environment to another, it is evi- 
dent that the picture of nitrogenous metabo- 
lism will be exceedingly complex. Studies 
on nitrogen metabolism in specific tissues and 
organs where primarily either degenerative 
or synthetic processes are taking place could 
be expected to result in a relatively clear 
picture of some of the molecular changes 
associated with morphological destruction or 
construction. The tail and the gills are par- 
ticularly suitable for catabolic studies. In 
the liver, limbs, and kidney anabolic processes 
predominate during metamorphosis. Studies 
on whole animals represent the summation 
of degradative and fabricative processes. Of 
the biologically important nitrogen contain- 


ing compounds, amino acids, polypeptides, 
and proteins will be considered briefly in this 
section. The conversion of ammonia to urea 
was considered in a previous section. 

Total nitrogen.—The total nitrogen con- 
tent of the tail and gills has been shown to 
increase during metamorphosis in the same 
manner as does amino nitrogen (Liosner and 
Blacher, 1932). The total nitrogen content 
of the blood showed an increase at the begin- 
ning of metamorphosis and during the resorp- 
tive process (Liosner and Blacher, 1932), 
This increase in blood nitrogen can be at- 
tributed to an increase in total serum protein 
as shown by Herner and Frieden (1960). 
Urbani (1957) showed a decrease in total 
nitrogen for individual Bufo vulgaris from 
the premetamorphic to the adult stage. Lewis 
and Frieden (1959) reported a relative con- 
stancy of total nitrogen per unit weight for 
Bufo tadpoles and froglets. If the results of 
Urbani were expressed in terms of unit 
weight this general trend might also result, 
since a decrease in weight occurs at the 
terminal stages of metamorphosis. In the 
studies of Lewis and Frieden (1959) T;- 
treated tadpoles showed an increase in their 
total nitrogen content per unit wet weight. 

Amino acids and peptides.—Liosner and 
Blacher (1932) have shown an increase in 
the amino nitrogen of the blood of R. ridi- 
bunda just prior to the beginning of the 
metamorphic climax with a decrease to a 
constant value during the later stages of 
metamorphosis. These investigators demon- 
strated a similar effect in tail and gill tissues, 
tissues which are undergoing rapid resorption. 
These changes probably reflect the protein 
degradation which is going on in these tissues. 
Dolphin and Frieden (1955) studied the 
changes of the amino acid pattern in meta- 
morphosing R. heckscheri. A decrease in the 
concentration of liver arginine and tyrosine 
was observed. This effect was even more 
dramatic for animals undergoing precocious 
metamorphosis initiated by T, and T;. The 
decrease in free arginine of the liver corre- 
lates with a rapid increase in arginase ac- 
tivity and the initiation of the Krebs orni- 
thine-urea cycle (Brown and Cohen, 1958). 
The decrease in tyrosine may mirror pri- 

















marily an enhanced utilization in protein bio- 
synthesis or in pigment formation. No deci- 
sive alterations in the concentrations of the 
other amino acids identified could be de- 
tected. 

Roberts et al. (1952) found a _pro- 
gressive increase in y-aminobutyric acid in the 
brain of R. catesbeiana from larval to adult 
stages. ‘These investigators also noted small 
amounts of taurine present in the brain of 
adult frogs but none present in the larval 
stages; however, they found no change in 
the pattern of other amino acids of the brain. 
A change in the concentration of y-amino- 
butyric acid, which is possibly a transmitter 
substance in the central nervous system, re- 
flects the developments in the central nervous 
system during metamorphosis. The transi- 
tion to a more highly differentiated nervous 
system associated with the adult form may 
involve the effects cited here. 

Polypeptide nitrogen undergoes marked 
changes in several tissues during metamor- 
phosis (Liosner and Blacher, 1932). A four- 
fold increase in the early period of meta- 
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morphosis with a subsequent decrease in later 
stages has been found to occur in the blood. 
An increase occurs at the beginning of the 
metamorphic climax in gill tissue. A similar 
change in the tail polypeptide nitrogen oc- 
curred during the period of tail resorption. 
These changes parallel those of amino nitro- 
gen and probably reflect the protein break- 
down occurring in these tissues. 

Protein metabolism.—In regard to protein 
metabolism, it will be mentioned here only 
that Herner and Frieden (1960) have dem- 
onstrated a significant increase in the con- 
centration of serum albumins in several tad- 
pole species undergoing metamorphosis. The 
serum proteins are significant to protein bio- 
synthesis because they represent the most im- 
portant means of supplying peripheral tissues 
with amino acids for synthetic processes. 
Some of the substrates for the synthesis of 
serum proteins may arise from the degrada- 
tive changes in tissues such as the tail. Pro- 
teinaceous degenerative products are trans- 
ported from this region to sites of utilization 
or elimination. A more complete discussion 
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of the significance of both the serum protein 
and hemoglobin changes appeared earlier in 
this paper. 

The early work of Braus (1906) claimed 
immunological differences between larvae 
and adult forms of the toad, Bombinator 
pachypus. But later Kritchevsky (1914), 
using saline extracts of entire larvae as anti- 
gens in complement fixation tests, obtained 
reactions with antisera against extracts of 
entire larval and adult R. esculenta. Wilkoe- 
witz and Ziegenspeck (1928) confirmed this 
work with R. esculenta, observing no quanti- 
tative differences in the serological reactions 
of extracts of embryos, larvae, and adults. 
Cooper (1946) has criticized the work of 
Kritchevsky and Wilkoewitz and Ziegenspeck 
because their techniques possibly caused de- 
naturation of some proteins. Using R. pipiens 
embryos and larvae, Cooper demonstrated 
the presence of antigens of combining groups 
closely related to or identical with those of 
adult frog serum. While there has been 
considerable immunological work on em- 
bryos, more work needs to be done on meta- 
morphosing larvae using recent techniques 
and specific organs. 

Enzyme changes.—The changes in amino 
and polypeptide nitrogen have their basis in 
alterations in enzymic activities. Since it is 
undecided whether certain enzymes function 
only in protein biosynthesis, or exclusively in 
protein breakdown, or possibly in both, it is 
possible to interpret results of enzymes studied 
in several ways. Studies have been made on 
many enzymes involved in nitrogen metabo- 
lism. Liver cathepsin and trypsin have been 
shown to decrease during metamorphosis. 
Since these enzymes have primarily proteoly- 
tic functions this decrease is not unexpected, 
since primarily protein anabolic processes are 
underway in the liver at this time. The 
activities of various proteolytic enzymes have 
been studied in whole animal preparations. 

Whole animal studies by Liosner and 
Blacher (1932) indicate a decrease in cathep- 
sin and trypsin for the whole animal during 
the metamorphic period. This might reflect 
the predominance of anabolic over catabolic 
processes during this time. Urbani (1957) 
reported an increase in the dipeptidase for 
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leucylglycine per individual with a decrease 
in alanylglycine and glycylglycine. No par- 
ticular trend could be seen for the tri- 
peptidase for glycylglycylglycine. Acid pro- 
teinase increases whereas alkaline proteinase 
shows an almost unchanged activity. An 
impressive 30-fold increase in tail cathepsin 
was found by Weber (1957). 

D. Carbohydrates—Since the catabolism of 
carbohydrates is the prime energy source for 
many metabolizing organisms, augmented 
energy demands during metamorphosis could 
be met by alterations in carbohydrate me- 
tabolism. These alterations could take the 
form of an increased rate of catabolic proc- 
esses in certain tissues or perhaps of a shift 
from one predominant pathway of metabo- 
lism to another. 

Bilewiez (1938) has demonstrated an in- 
crease in the per cent glycogen of the liver 
and the whole body of R. temporaria during 
premetamorphosis. At the metamorphic cli- 
max there is a reversal and a pronounced 
utilization of glycogen occurs, as reflected in 
a drastic decrease in the per cent glycogen 
in the liver and the body. In a study of the 
carbohydrates of several species, Faraggiana 
(1933) and Urbani (1957) both noted a 
decline in these constituents during premeta- 
morphosis in contrast to the findings of 
Bilewiez. The decrease was more rapid at 
the beginning of the metamorphic climax. 
These studies suggest that glycogen reserves 
in the liver acquire importance as a source 
of nourishment during the period of meta- 
morphosis when dramatic changes occur in 
the digestive system and the animal stops 
feeding. 

The results of Aron (1939) suggest a con- 
trol mechanism for these trends in carbo- 
hydrate metabolism. Aron has demonstrated 
that the endocrine activity of the pancreas is 
influenced by the thyroid. Tadpoles under- 
going spontaneous or T, induced metamor- 
phosis reveal extensive changes in the islet 
cells of the pancreas. Increase in size and 
decrease in pigmentation are several of the 
changes which occur during the early phases 
of metamorphosis just before the marked 
changes in glycogen reserves. Gennaro (1953) 
corroborated this work in noting an increased 
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p uptake by the pancreas of R. sylvatica 
at approximately the period when glycogenic 
activity in the liver began. This is of par- 
ticular importance if the functiona! basis of 
this increase in P*? uptake lies in the initia- 
tion of the endocrine secretion. Thus the 
thyroid hormone stimulates pancreatic altera- 
tions which are important in the regulation 
of glycogenolysis as well as the digestive 
enzymes. 

Enzyme changes.—The enzymic basis for 
alterations in carbohydrate metabolism has 
been explored by a number of investigators. 
Frieden and Mathews (1958) have studied 
hepatic glucose-6-phosphatase during spon- 
taneous and T3;-induced metamorphosis of 
R. grylio. An impressive increase in the 
activity of this enzyme was noted during 
normal metamorphosis of R. grylio. The 
nutritional state of the organism influences 
the activity of this enzyme; Ashmore et al. 
(1956) showed that fasting increases glucose- 
6§-phosphatase activity in rats. Since many 
anurans stop feeding at the outset of meta- 
morphosis the changes in the enzyme activity 
are probably controlled by this factor. Studies 
on liver glucose-6-phosphatase during in- 
duced metamorphosis have revealed that thy- 
roid is also an important controlling factor 
of the enzymic activity. Fasting T ;-induced 
metamorphosing tadpoles had a significantly 
higher enzyme level than fasting control ani- 
mals. Thus the thyroid hormone effect was 
superimposed on a nutritional effect. Paral- 
leling enhanced utilization of glycogen, there 
is an increased activity of a key glycolytic 
enzyme, an enzyme which plays an important 
role in the mobilization of liver glycogen. 

The importance of ATP-hydrolyzing en- 
zymes (ATPase) in the cellular economy is 
well established. The central role of 
ATP in the energy metabolism of the cell 
is well recognized. It is not unlikely that the 
balance between ATP and its hydrolytic 
products may be of major significance in 
glycolysis and respiration. Liver ATPase ac- 
tivity shows a marked increase, particularly 
in the latter stages of normal metamorphosis 
(Frieden and Mathews, 1958). The ATPase 
activity rises to over four times the level of 
the enzyme in the young tadpole. No sig- 
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nificant effect of diet or nutritional state was 
noted on liver ATPase activity. A statistically 
significant increase (2.5 x controls) in tad- 
pole liver ATPase was also observed when 
metamorphosis was induced by T . 

The question of an increase in respiration 
during normal metamorphosis has yet to be 
decisively answered. Ts; or T, injections pro- 
duce an increase in oxygen consumption 
(Lewis and Frieden, 1959). In the rat, thy- 
roid hormone invariably causes an increase 
in succinoxidase activity concomitant with 
an increase in respiration. Yet Lewis and 
Frieden (1959) found no increase in suc- 
cinoxidase activity in R. grylio spontaneous 
or induced metamorphosis. Yamamoto and 
Suzuki (1957) and Paik and Cohen (1960) 
reported a decrease in liver succinic dehydro- 
genase and succinoxidase activity respectively 
during various phases of metamorphosis. If 
the lack of increased activity among the 
Krebs cycle enzymes during metamorphosis 
is general, then alternative pathways of car- 
bohydrate utilization (e.g. pentosephosphate, 
flavoprotein pathways, etc.) may be impli- 
cated. 

E. Lipid metabolism—Lipids have the po- 
tential of serving as a source of metabolic 
energy as well as a source of biochemical 
intermediates for the tricarboxylic acid cycle. 
Their rapid utilization during periods of star- 
vation usually follows the depletion of the 
glycogen reserves of the liver. Therefore 
alterations in lipid metabolism will serve as 
an indirect factor in the formation of struc- 
tures with adaptive value for the adult. 

In the course of his studies Urbani (1956) 
found an approximate four-fold decrease in 
the total body lipid of B. vulgaris during the 
metamorphic period. Since the tadpole stops 
eating and undergoes metamorphosis in a 
period of several weeks, the changes which 
occur in lipids probably reflect a utilization 
of these substances as a supplement to the 
glycogen reserves. 

Aquatic animals have depot fat character- 
istically composed of a majority of unsatu- 
rated fatty acids—approximately 80% un- 
saturated versus 20% saturated fatty acids. 
Since terrestrial animals have predominantly 
saturated fatty acids (Hilditch, 1956), a shift 
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to saturated fats during metamorphosis is 
predicted. 

Urbani (1957) studied the alterations in 
lipase activity of whole animals during meta- 
morphosis. During the premetamorphic 
period a three-fold decrease in activity oc- 
curred. At the outset of the metamorphic 
climax there was a rise in lipase activity 
with a subsequent slight increase into the 
later stages of metamorphosis. As in other 
studies on the enzymic activity of whole 
animal preparations, the significance of such 
measurements is difficult to evaluate. 

F. Water balance—The demonstration by 
Etkin (1934) and Irichimovitch (1936) that 
there is a significant decrease in the water 
content of the whole body of animals dur- 
ing metamorphosis can be interpreted as a 
gross adaptation of tissue to decreased water 
availability which occurs in terrestrial habi- 
tats. In anurans there is a very rapid de- 
crease in water content at the beginning of 
the growth of the hind limbs. This change 
continues, and the water content drops even 
more sharply during the metamorphic climax. 

This alteration is of special significance 
because of its pertinence to other studies in 


which chemical changes in a metamorphosing 
system have been expressed on a wet weight 


basis. Subtle increases of biochemical com- 
ponents will be magnified when expressed on 
a wet weight basis, and small decreases will 
be masked or undetectable. For example, 
part of the confusion as to the increase of 
respiration during spontaneous and induced 
metamorphosis is a result of expressing the 
data in terms of wet weight, or some other 
unit of tissue, or even in terms of nitrogen 
content, etc. The change is also of interest 
because of the similar dehydration effect 
which has been observed for other organisms 
during their developmental transition from 
an aquatic natal environment to a less 
aqueous neo-natal environment (Needham, 
1942). 

Urbani (1957) cites the decrease in cell 
size or cell shrinkage during metamorphosis 
observed by Contronei as a reflection of water 
loss. He also suggests that the increase of 
vitamin C during metamorphosis demon- 
strated by Bucci (1951) may be of impor- 
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tance in regulating dehydration phenomena 
in view of the effect of ascorbic acid on cellu- 
lar permeability. 

Studies on water changes during induced 
metamorphosis have revealed parallel 
changes. Etkin (1954) has demonstrated a 
tissue dehydration of approximately 35% for 
thyroid treated tadpoles. Lewis and Frieden 
(1959) have found a comparable change in 
R. grylio on treatment with Ts. 

The problem of water balance during 
metamorphosis has also been developed in 
the studies of Frieden et al. (1957). The 
conservation of body water and the main- 
tenance of plasma volume, operations which 
are of the utmost importance for terrestrial 
forms, are enhanced by a high plasma con- 
tent, a condition found in more advanced 
periods of metamorphosis. 

G. Mechanism of tail resorption — As 
pointed out earlier the disappearance of the 
tadpole tail is a most impressive feature of 
metamorphosis. Recently Kaltenbach (1959) 
has demonstrated a striking local metamor- 
phic response in the dorsal and ventral tail 
fins of R. pipiens tadpoles brought about 
directly by localized concentrations of T, 
resulting from T4-cholesterol pellet implants. 
This study; along with the early studies on 
tissue competence, gives a vivid demonstra- 
tion of a tissue which has the potential to 
undergo demolitive changes when triggered 
by Ty. It has been suggested that the metabo- 
lic processes in T,-stimulated tail tissue re- 
sult in acidic metabolites, e.g. lactic acid. 
These metabolites result in a slightly in- 
creased acidity of tail tissues. The increased 
acidity activates acid proteases and other 
degradative enzymes. This increased enzymic 
activity results in a heightened production of 
acid products which are transferred via the 
blood from the tail to other sites in the or- 
ganism (see discussion in Needham, 1942). 

Changes in pH and enzymic hydrolysis.— 
Existing data can be marshalled to support 
this general view of the biochemical changes 
occurring in tail tissue during resorption. 
Helff (1926) has demonstrated that the in- 
jection of small amounts of lactic acid or 
butyric acid results in tail atrophy. Autolysis 
began at the site of injection and spread over 

















the whole tail. A slight increase in acidity 
of tail tissue before the first sign of morpho- 
logical change has been demonstrated by 
Aleschin (1926). The pH is 7.1 for normal 
tissues and 6.6 for tail during resorption. 
During the course of the resorptive phenome- 
non a conspicuous increase occurs in amino 
and polypeptide nitrogen, reflecting (Liosner 
and Blacher, 1932) an increase in protein 
hydrolysis in tail tissue. The transport of 
the acid products of protein hydrolysis and 
other acid metabolites from the tail could 
contribute to the decrease in blood pH (7.5 
to 7.2) shown by Helff (1932) for animals 
between premetamorphosis and the end of 
metamorphosis. 

An enzymic basis for these increases in 
nitrogen-containing compounds of low molec- 
ular weight is an increased activity of pro- 
teolytic enzymes in the tail during resorption. 
The most significant change which has been 
noted thus far in tail enzymes is the 30-fold 
increase in tail cathepsin activity during the 
resorption in X. laevis, as reported by Weber 
(1957). The dipeptidase for alanylglycine, 
lysylglycine, and glycylglycine have been 
shown by Urbani (1957) to increase mark- 
edly in the tail of B. vulgaris between pro- 
metamorphosis and the end of the tail resorp- 
tion period. Zacchei (1954) has also demon- 
strated a heightened alanylglycine dipeptidase 
activity during tail involution. The tripep- 
tidase for glycylglycylglycine increases some 
seven-fold during the same period of time 
(Weber, 1957). The acid protease in the 
tail of B. vulgaris increases nine-fold whereas 
the alkaline protease activity shows only a 
very slight increase. These studies support 
a heightened proteolysis and acid production 
for resorbing tail tissue. 

Elevation of the activity of several other 
enzymes can be considered as the basis of 
degradative changes in other structural com- 
ponents of tail tissues. Tail lipase has been 
shown to increase slightly in activity, and 
amylase very markedly, from the premeta- 
morphic stage to the time when absence of 
tail made further studies impossible (Urbani, 
1956). Yanagisawa (1954) demonstrated 
that an enhanced acid phosphatase activity 
may contribute to the transportation of de- 


BiocHEMICAL ADAPTATION AND ANURAN METAMORPHOSIS 








145 





composed substances from the tail. The de- 
creased ATPase activity in resorbing tail 
shown by Frieden and Mathews (1958) is 
consistent with a decreased protein biosyn- 
thesis and enhanced hydrolysis of protein. 

Metabolic differences.—An earlier section 
discussed in detail the deviation from normal 
RNA and DNA synthesis that occurs in the 
tail after T; injection. Rather than a con- 
tinued increase in P**O, uptake, a premature 
steady state was reached. This may mean 
a failure in adequate RNA and DNA syn- 
thesis, dooming the tail to eventual dissolu- 
tion. 

Contronei (1919) early suggested the gen- 
eral idea that the tail constituted a reserve 
of materials and energy necessary for meta- 
morphosis. Aleschin (1926) postulated a 
rather direct dependence of limb growth on 
materials from autolysis of tail tissues. Irichi- 
movitsch (1936) and Woitkewitsch (1937) 
have pointed out that, since the most active 
growth of the limbs begins before the onset 
of tail resorption, the two processes may be 
independent. Paik and Cohen (1960) have 
reported that the removal of up to 60% of 
the tadpole’s tail had no significant effect 
on the rate of liver carbamylphosphate syn- 
thetase. 

H. Transition of skin pigments—lIt is obvi- 
ous that pigment patterns can change greatly 
during metamorphosis. The adaptive feature 
of this alteration may be the protective 
anonymity conferred on the frog rather than 
a reflection of any internal adjustment. Hor- 
mones also frequently have an effect, directly 
or indirectly, on the development of pigment 
patterns in vertebrates. The complex cyto- 
logical events in the skin have been sum- 
marized by Stearner (1946). I shall refer 
briefly to some interesting chemical aspects. 

Some years ago at Florida State University 
the basis for the alteration of pigment pat- 
terns during the metamorphosis of the Florida 
swamp frog, R. heckscheri, was studied in 
collaboration with Dr. Alice B. Hunter. It 
was found that on the completion of meta- 
morphosis the melanin content of frog skin 
had almost doubled. Since melanin is a 
product of tyrosinase and “dopa oxidase” 
this enzyme (or enzymes) was also studied. 
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FIG. 25. Tyrosinase and “dopa oxidase” activity 
during spontaneous metamorphosis, The enzyme 
activity is plotted as a function of the size of the 
tail. Data from A. S. B. Hunter et al., (1952), 
unpublished. 
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The results, shown in Fig. 25, indicated that 
skin tyrosinase activity increases several-fold 
at the completion of spontaneous metamor- 
phosis. An even greater increase in tyrosinase 
activity was obtained after thyroxin treat- 
ment. Changes in “dopa oxidase” activity 
were much smaller and of dubious statistical 
significance. 

I. Mobilization of the enzymic machinery 
-—Repeatedly, in discussing the biochemical 
features of anuran metamorphosis, we have 
mentioned enzymic increases in connection 
with some more direct chemical or structural 
adaptation. So far we have avoided cata- 
loging enzymes, although this in itself may 
be worthwhile. As Paul Weiss has pointed 
out (1953): 


*  . . To be sure, much of this work is no more 
than sequential descriptive chemistry, just as 
old-time embryology was descriptive mor- 
phology; but we may expect that once a com- 
plete record of the biochemical history of a 
particular ontogenetic series of stages has been 
obtained, the succession of events in this chain 
of transformations may furnish a clue to the 
underlying dynamics of differentiation.” 


Is there a general picture emerging from 
the many observed enzymic changes? A num- 
ber of important enzymes show a striking 
increase during metamorphosis—as much as 
50-fold increases in certain cases. Many en- 
zymes show moderate or little increase. Only 
a few enzymes show a fall in activity, and 
these are exclusively associated with tissues 


undergoing extensive resorption, particularly 
tail and intestine. Thus metamorphosis js 
accompanied by an almost general increase 
in enzyme activity with only a few excep. 
tions. We regard this as a general mobiliza- 
tion of the biochemical resources of the tad- 
pole to meet the metabolic demands of the 
process itself and of the subsequent change 
in environment. 


XII. CONCLUSION 


The biochemical changes that occur dur- 
ing anuran metamorphosis appear to have 
either direct or indirect adaptive value in 
facilitating the transition from fresh water 
to land. Among the most important adaptive 
changes are the shift from ammonotelism to 
ureotelism, the increase in serum albumin 
and other serum proteins, the alteration in 
the properties and biosynthesis of the hemo- 
globins. The development of certain diges- 
tive enzymes and the augmentation of res- 
piration also contribute to the success of the 
differentiation process. During metamorpho- 
sis, there are many additional important 
chemical developments which may be sec- 
ondary to other primary morphological or 
cytological transformations which aid in the 
adjustment to land. These include alterations 
in carbohydrate, lipid, nucleic acid, and ni- 
trogen metabolism. Major modifications in 
water balance, visual pigments (vit. A), pig- 
mentation, and tail metabolism are also ob- 
served. Finally there is a partial mobilization 
of the enzymic machinery to promote the 
metamorphic process and the colonization of 
land. 
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TYPES OF AMPHIBIAN METAMORPHOSIS 


W. GarpNner LYNN 
The Catholic University of America, Washington, D.C. 


For most of us the words “amphibian 
metamorphosis” call up a mental image of 
the life history of some common frog like 
Rana pipiens; a vision of a long-tailed, 
round-mouthed, fat-bodied, polliwog swim- 
ming sluggishly among the vegetation of a 
pond and then “undergoing extensive altera- 
tions without any interruption to business” 
to become a tailless, pop-eyed, insect-eating 
participant in long-distance jumping contests. 
We can describe the many changes, both 
external and internal, that are involved in 
this transformation and the sequence and 
spacing of these alterations which make up 
the complex pattern of metamorphosis. And 
we can tell our students that the amphibians 
are so called because of this double life they 
lead, beginning as well-adapted aquatic her- 
bivorous animals but later changing to 
equally well-adapted terrestrial carnivorous 
forms, 

Actually, however, we are aware that the 
striking metamorphosis which occurs in the 
leopard frog with its sharp contrast between 
tadpole and adult in body form, in habits, 
and in habitat are by no means characteristic 
of all amphibians. In fact a great many 
amphibians are not “amphibious” at all. 
Some live in the water throughout their 
lives and retain essentially the larval structure 
even as adults. Others, by way of contrast, 
do not even lay their eggs in water and the 
young hatch as completely terrestrial little 
animals with the usual adult body form. Be- 
tween these two extremes are various inter- 
mediate types of life history involving a great 
diversity of metamorphic patterns. 


“TYPICAL” METAMORPHOSIS 


The life history of a common species of 
Rana is illustrated in Figure 1. The eggs are 
fertilized externally as they are laid in the 


water. The little larva which hatches in a 
few days has two pairs of long, branched, 
external gills projecting from the dorsal ends 
of the third and fourth visceral arches. It 
is relatively inactive, clinging to vegetation 


most of the time by a glandular adhesive 
organ under the lower jaw. Once the reserve 
yolk has been used up, however, the larva 
swims about more actively and the adhesive 
organ disappears. The bases of the external 
gills are gradually covered by the growth of 
opercular folds and the so-called “internal 
gills’ growing from the lower ends of the 
visceral arches now take over the respiratory 
function. Horny teeth and jaw coverings 
appear around the mouth and we now have 
a typical tadpole equipped for swimming and 
breathing in the water and for rasping away 
the surface of the vegetation on which it 
feeds. It may remain in this state for a long 
time, eating and growing but showing no 
basic change in structure for as much as a 
year or more. But ultimately—soon in some 
species, later in others—metamorphic changes 
begin to appear. The most obvious external 
changes, as seen in the figure, are: first, in- 
creasingly rapid growth and development of 
the hind-limbs which have long been present 
as insignificant looking little buds but now 
become more and more prominent; loss of the 
horny teeth and a change in the shape and 
structure of the mouth and head, including 
protrusion of the eyes; rather sudden appear- 
ance of the two fore-limbs from within the 
opercular cavity; and resorption of the entire 
tail. The tadpole has become a frog. 

More detailed study reveals that many 
other changes, involving every organ system 
of the body, have occurred during this time. 
The histological structure of the skin has 
altered. The digestive tract has shortened. 
The gill clefts have closed and the gills them- 
selves have been resorbed as the lungs came 
into function. Changes in the skeletal system 
involve not only ossification in some areas 
which were previously cartilaginous, but also 
a complete remodeling of the region of the 
mouth and visceral arches with the appear- 
ance of tooth-bearing jaw bones as a late 
metamorphic feature. In the circulatory sys- 
tem the aortic arch region, as would be ex- 
pected, undergoes modification as do also 


(151) 











4 


— 


FIG. 1. Sketches to illustrate some externally 


visible changes that occur during the metamor- 
phosis of Rana pipiens. 


the veins of the trunk. The pronephric kid- 
ney is superseded by the mesonephros. 
Changes in nervous structures include loss 
of the lateral line system; development of 
lacrimal glands and eyelids along with 
changes in retina, cornea, and lens; differ- 
entiation of the tympanic membrane; and 
the appearance of new centers in the brain. 
If we turn to a similar examination of the 
life history of a common salamander like 
Ambystoma or Eurycea we see that though 
there are many points of difference the sala- 
mander, like the frog, uridergoes a profound 
reorganization in its change from larva to 
adult. In Ambystoma (Fig. 2) the new- 
hatched salamander has external gills just 
as the frog larva has (three pairs instead of 
two). There is no adhesive organ but there 
is something extra which the frog did not 
have, a pair of balancers projecting from 
near the angle of the mouth. These are 
transient structures that will disappear in just 
a few days. The mouth of the salamander 
is broad and provided with teeth, thus quite 
unlike the round tadpole mouth with its 
horny beaks. There are well-developed dor- 
sal and ventral fins on the tail. The larva 
lives on animal food from the beginning and 
thus lacks the long herbivore type of intestine 
seen in the tadpole. As development proceeds 
the opercular folds grow from the outer 
edges of the hyoid arches and fuse ventrally, 
but they are short-and do not cover the 
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external gills which continue to grow and 
function throughout larval life. Moreover, in 
the salamander, because the fore-limbs are 
not within an opercular cavity they are visi- 
ble externally when they first appear as tiny 
buds shortly before hatching. The hind limbs 
appear later but then grow steadily without 
any sudden spurt at metamorphosis. Since, 
also, the salamander retains the tail as an 
adult, it is clear that several of the most obvi- 
ous external features of anuran metamorpho- 
sis will not be seen in urodeles. Rapid hind 
limb growth, tail regression, and radical re- 
modeling of the head and mouth do not 
occur. Nevertheless the urodele does show a 
metamorphic pattern that includes loss of 
the external gills, closure of gill slits, resorp- 
tion of the tail fins, formation of eyelids, and 
loss of Leydig cells in the skin. 


PERMANENT LARVAE: NEOTENOUS URODELES 


The life histories of Rana and Ambystoma 
just discussed serve to illustrate well-defined 
metamorphic patterns in anuran and caudate 
amphibians. We may now consider some 
amphibians illustrating wide divergence from 
these patterns. The best examples of reten- 
tion of the larval body form throughout life 
are found among the Caudata. Some of these 
are portaryed in Figure 3. Most striking are 
the members of the family Proteidae, the 
blind European cave salamander Proteus and 
the American mudpuppy Necturus, so fa- 
miliar as an object for dissection in compara- 
tive anatomy courses. The two agree closely 
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FIG. 2. Sketches to illustrate externally visible 
changes during the metamorphosis of Ambystoma 
maculatum, 
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in retaining larval characteristics as adults 
with nothing that can be designated as a 
metamorphosis. Though simple lungs de- 
velop, the external gills remain large and 
functional, the eyes are lidless, the tail fins 
are not resorbed, the skull shows little ossifica- 
tion, no maxillary bones ever appear, and the 
visceral arches and skin are larval in char- 
acter. 

Other salamanders belonging to quite 
widely separated families of the Caudata are 
also essentially without metamorphosis. Mem- 
bers of the Sirenidae, the genera Siren and 
Pseudobranchus, may be considered perma- 
nent larvae with just a few adult characters. 
Larval gills and tail fins are retained, neither 
maxillary bones nor eyelids are ever formed. 
However the skin undergoes a typical meta- 
morphosis to attain the usual adult type of 
structure. 

Cryptobranchus, of still another family, be- 
gins metamorphosis by losing the gills, but 
the eyes are lidless and the skull and visceral 
skeleton are decidedly larval. Amphiuma is 
rather similar to Cryptobranchus in these 
features although the two are separately 
evolved. It too loses the external gills but 
has lidless eyes and a larval-type visceral 
skeleton. 

Still another example is found in a mem- 
ber of the large family Plethodontidae. This 
is the blind cave salamander Typhlomolge, 
first found in deep wells in Texas, which 
similarly retains the larval habitus (Fig. 5). 
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Not only are there salamanders which 
characteristically retain the larval structure 
to a greater or lesser degree even as adults. 
There are, in addition, various members of 
the Caudata that normally undergo meta- 
morphosis but may nevertheless have indi- 
viduals or even whole populations that fail 
to metamorphose and yet are able to mature 
and reproduce. Such animals are said to be 
neotenous; the most familiar example is the 
axolotl. It was observed many years ago that 
specimens of Ambystoma tigrinum living in 
some of the high lakes of the Rocky Moun- 
tains may fail to metamorphose—generation 
after generation passing without the appear- 
ance of a typical adult. On the other hand 
members of the same species, living in other 
localities, exhibit normal metamorphosis. 
Various ideas were advanced to account for 
this, differences in temperature, oxygen ten- 
sion, or available food supply being the most 
favored explanations. And it is true that cer- 
tain races of the axolotl respond readily to 
changes in environment and do metamor- 
phose when brought into the laboratory. 
Other races, however, especially those of the 
Mexican axolotl, do not so respond to altered 
conditions. Nevertheless they are entirely 
capable of undergoing metamorphosis, as 
can be shown by administering thyroid hor- 
mone. Their failure to metamorphose under 
normal conditions could be explained either 
by some deficiency in the animal’s production 
of thyroid hormone, or by a failure of the 





FIG. 3. Some caudate amphibians that retain larval 
features as adults, a. Necturus, b. Proteus, c. Siren, 


d. Pseudobranchus, e. Amphiuma, f. Cryptobran- 
chus. 


154 


thyroid gland to become active and release 
its hormone into the blood stream. Evidence 
seems to be increasing that the latter is the 
true explanation and that it results from a 
failure of the axolotl pituitary to produce the 
thyroid-activating hormone. Presumably this 
pituitary failure is due in some cases to en- 
vironmental factors and in others to genetic 
factors that have become established in the 
race. Thus in some cases alteration of en- 
vironmental conditions is sufficient to bring 
about release of thyrotrophic hormone and 
prompt metamorphosis while in those cases 
which are genetically based such a result is 
not to be expected. 

The genus Ambystoma, to which the 
axolotl belongs, is by no means the only genus 
with neotenic members. A considerable num- 
ber of other salamanders in genera that are 
not at all closely related show the same 
phenomenon to greater or lesser degree. Neo- 
tenous species are known in Gyrinophilus 
and Triton and neotenic races have been de- 
scribed in Eurycea, Typhlotriton, Dicamp- 
todon, and others. In all these cases in which 
the experiment has been tried, thyroid treat- 
ment has proved effective in bringing about 
metamorphic changes. 

Since the axolotl and other neotenic sala- 
manders can be induced to metamorphose by 
thyroid administration, the question arises 
whether such forms as Proteus and Necturus, 
the so-called perennibranchiates discussed 
earlier, are also amenable to such treatment. 
This has been the subject of a great deal of 
experimentation which has had almost no 
positive results. Strong thyroxin solutions can 
cause some reduction but not complete re- 
sorption of the external gills, and changes 
in the histological structure of the skin may 
also be produced. Other larval features re- 
main entirely unaffected and there clearly is 
nothing that could be considered a true meta- 
morphosis. All these animals have thyroid 
glands of their own which produce the typical 
hormone that is capable of inducing meta- 
morphosis in the larvae of other species. We 
must conclude, therefore, that the perenni- 
branchiates retain the larval form not be- 
cause of any failure in the thyroid-pituitary 


complex, but because the tissues which 
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usually change at metamorphosis are ex. 
tremely unresponsive to the thyroid stimulus, 


TERRESTRIAL DEVELOPMENT IN URODELES 


In contrast with salamanders that retain ¥ 
the larval form and never become terrestrial, 
we have others which tend to reduce the 
amount of time spent in the water. These 
may lay the eggs out of water but near the 
edge of a pool so that the newly hatched 
larva must find its way into the water to 
spend its larval life, or they may lay com. 
pletely terrestrial eggs in which all the larval 
stages are passed through before hatching so 
that the little animal that emerges from 
the egg has already metamorphosed into a 
miniature adult. 

Again this tendency is exemplified in vary- 
ing degrees and in a number of separate 
groups of Caudata. Within the genus Des. 
mognathus there are some species that lay 
typical aquatic eggs, others that lay their eggs 
at the water’s edge, and still others that make 
a burrow-like excavation several feet from 
the water in which to deposit the eggs. Sala- 
manders which are entirely non-aquatic are 
found in the genus Plethodon, all members of 
which lay terrestrial eggs in hollow logs, in 
clefts in rocky cliffs, or inside caves. The eggs 
are large-yolked and unpigmented; and intra- 
oval development is prolonged, requiring one 
to two months. Development includes typical 
larval features. Figure 6 shows the embryo of 
Plethodon nettingi removed from the egg 
membranes. Except for the large yolk mass 
it looks much like an ordinary urodele larva. 
The gills are exceptionally large, presumably 
an adaptation for obtaining sufficient oxygen 
through the thickened jelly membranes 
which prevent the egg from drying. Some 
usual larval features, such as tail fins and 
Leydig cells, are lacking; but it is clear that 
there is a very definite metamorphosis which 
occurs near the time of hatching. Experi- 
ments have shown that gill resorption can 
be induced early by thyroxin administration. 
So far, however, attempts to ascertain 
whether removal of the larva’s own thyroid 
will prevent metamorphosis have been unsuc- 
cessful because of technical difficulties (Dent, 














1942). A very similar terrestrial development 
écéurs in the related genus Aneides. 


OVO-VIVIPARITY IN URODELES 


Still another notable modification of the life 
history is found in a few urodeles which have 
become ovo-viviparous, retaining the eggs 
in the oviduct during their embryonic and 
early larval stages. This occurs in the com- 
mon European species Salamandra atra and 
also in some plethodontids such as the Euro- 
pean cave salamander Hydromantes and the 
genus Oedipus of tropical America. In Sala- 
mandre the larva develops extremely long 
gills that become closely applied to the ovidu- 
cal wall, presumably providing for exchange 
of gases with the maternal blood stream. 
Nourishment of the larva seems to be sup- 
plied by the same mechanism and also by 
the yolk of other partially developed eggs in 
the oviduct. Although a number of eggs are 
fertilized and begin development in the ovi- 
duct, only one or two survive to birth. Dur- 
ing development the usual larval features 
are present and there is, therefore, a well- 
defined metamorphosis. In Salamandra atra 
this occurs just before birth so that the new- 
born salamander is already completely trans- 
formed; but in S. salamandra the young are 
born in the larval'state and metamorphose 
later. ; 

PARENTAL CARE IN ANURANS 


We may now give some attention to the 
anurans. Among frogs and toads there are 
no examples of true neoteny, of races or 
species that reproduce while still retaining the 
larval body form. References in the literature 
to neotenous populations or individuals 
among frogs really refer to specimens that 
remain in the tadpole stage for unusually 
long periods. Such specimens do not repro- 
duce in this state however, and in a number 
of cases the condition has been definitely 
shown to be due to marked atrophy or even 
complete absence of the thyroid gland. 

It is among the Anura, however, that we 
find the best examples of modifications of 
the life history tending toward elimination 
of the aquatic tadpole stage, the evolution 
of direct development in the egg with the 
loss of true larval characters, and the absence 
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of any real metamorphosis. In many anurans 
this is also connected with methods for 
parental care of the eggs. A great variety 
of such methods, some of them most astonish- 
ing, have been developed in frogs and toads 
of quite widely separated families. 

Some of these interesting ways in which 
anurans may care for the young are illus- 
trated in Fig. 4. In Alytes obstetricans, the 
well-known “mid-wife toad” of Europe, the 
long strings of large, yellow eggs are taken 
up by the male shortly after they are laid 
and are wound in a sort of figure-eight about 
his hind limbs. He then leaves the water and 
carries the eggs about with him for a period 
of three weeks or more. During this time 
the developing young are nourished on the 
large amount of yolk present. They go 
through typical early larval stages but by 
the time they are ready to hatch the external 
gills have been lost and the internal gills are 
functional. At this time the male returns to 





FIG. 4. Some examples of parental care among 


anurans, a. Phyllobates trinitatis male with tad- 
poles clinging to back; b. Alytes obstetricans male 
carrying eggs; c. Pipa pipa female with eggs in pits 
on back; d. Hyla goeldii, female with eggs attached 
to back; e. Gastrotheca pygmaea, female with eggs 
in basin-like depression on back; f. Gastrotheca 
marsupiata female with eggs in integumentary sac: 
on back. 
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FIG. 5. Typhlomolge rathbuni, a plethodontid sala- 
mander that retains the larval body form through- 
out life. X¥% 

FIG. 6. Embryo of Plethodon nettingi, a salaman- 
der that lays terrestrial eggs. X 7 

FIG. 7. Male of Rhinoderma darwinii with vocal 
sac opened to show tadpoles. X 4 

FIG. 8. Early embryo of Eleutherodactylus nubicola 
showing head, forelimb buds, and large yolk mass. 
X 12 


FIG. 9. Eleutherodactylus nubicola embryo with all 


four limb buds shown. X 12 

FIG. 10. Eleutherodactylus nubicola embryo show- 
ing early pigmentation, jointed limbs, and broad 
tail. X 12 

FIG, 11. Eleutherodactylus nubicola embryo show- 
ing egg-tooth, digits, and tail. X 12 

FIG. 12. Eleutherodactylus nubicola eight hours 
after hatching. X 12 
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the water and the young, which are over 
half an inch long, hatch out as typical tad- 

les whose metamorphosis will not occur 
until the following spring. Thus the young 
are protected during an unusually long period 
of intra-oval development, but once the tad- 
poles have hatched they are left to shift for 
themselves. 

Phyllobates and Dendrobates are brachy- 
cephalid toads in which the males also take 
responsibility for the care of the young but 
concentrate on protecting the tadpoles after 
they are hatched rather than on guarding 
the developing eggs. The tadpoles cling to 
the back of the male, not only when he is 
in the water but also as he hops about on 
land. I have collected tadpole-carrying males 
of Phyllobates in Trinidad and can assure you 
that the young are able to cling tightly even 
when the parent is carried in a collecting 
bag with other specimens. This is baby- 


sitting in a most literal sense. Obviously in 
Phyllobates, as in Alytes, the care of the 
young is not accompanied by any marked 
modification of the larva itself or by essen- 
tial change in the metamorphic pattern. 
Other methods of parental care do involve 


such changes. 

Pipa pipa, the Surinam toad, is a curi- 
ously flattened, purely aquatic species in 
which the eggs are placed on the back of 
the female where they gradually sink into 
individual pits formed by the skin. The eggs 
are very large-yolked and the entire develop- 
ment occurs in these pits, the young emerg- 
ing as miniature frogs. During development 
a fairly typical tadpole stage is gone through 
and there is a well-defined metamorphic pat- 
tern. Rabb and Snedigar (1960) report that 
the young spend a period of 77-136 days in 
these pits before emerging and that during 
the latter part of this time they can be ob- 
served to feed on small organisms. In some 
species of Pipa the young do not remain in 
the pits for such long periods and emerge 
as free-swimming tadpoles. 

Carrying of the eggs on the back of the 
female occurs in quite a variety of other 
anurans. In Hyla goeldii, a bromeliad frog, 
a clump of 20 or so large-yolked eggs adheres 
to the back and there is a slight fold of skin 
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on each side forming a sort of shallow basin 
in which the eggs lie. They are carried for 
two to three weeks. At this time the female 
enters the water and well-formed tadpoles 
with hind-limbs and reduced gills are 
hatched. Metamorphosis occurs very soon, 
after only 10-15 days of aquatic life (Lutz, 
1948). In Gastrotheca pygmaea, another 
hylid, the eggs are still larger and are more 
deeply sunk into a basin-like depression on 
the back, while in Gastrotheca marsupiata, 
the marsupial frog, the basin is converted 
into a complete sac that communicates with 
the outside only by a narrow opening at the 
back. In this case it is necessary to dissect 
away the dorsal wall of the sac to reveal the 
developing eggs within. In Gastrotheca, as 
in Pipa, the young of some species emerge 
as tadpoles while those of others undergo 
metamorphosis within the sac. 

Another curious and entirely different de- 
vice for protection of the young is found in 
the Andean frog Rhinoderma darwinii, which 
was first discovered on the voyage of the 
Beagle. In this species the male takes the 
new-laid eggs into his mouth and they are 
passed back into his enlarged vocal sac. A 
photograph of a preserved specimen in which 
the vocal sac has been opened to reveal the 
tadpoles is shown in Fig. 7. After this photo- 
graph was taken the tadpoles were removed. 
It turned out that this particular male had 
five larvae in the vocal sac. There can be 
no doubt that this is a case in which the 
sudden arrival of quintuplets left the father 
speechless. 

We may consider ovo-viviparity as still an- 
other means of parental care during develop- 
ment. Ovo-viviparity is rare among anurans, 
thus far known to occur only in the three 
species of a single genus of African toads, 
Nectophrynoides. The young are born as 
completely metamorphosed little toads. In 
Nectophrynoides tornicri development within 
the oviduct involves fairly typical tadpole 
stages which, though lacking adhesive organs 
and horny mouth parts, have external gills, 
gill slits, opercular folds, and larval mouth 
skeleton (Orton, 1949). In N. occidentalis, 
however, development is much more direct 


(Angel and Lamotte, 1944; Gallien, 1960). 
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DIRECT DEVELOPMENT IN ANURANS 


The most striking cases of abbreviation or 
even complete loss of larval features are 
found in anurans that lay terrestrial eggs. 
This habit, which parallels that found in 
some plethodontid salamanders, is very wide- 
spread. In tropical America, in Africa, Aus- 
tralia, New Zealand, and in small islands of 
the Pacific there are many examples of frogs 
and toads that have independently evolved 
large-yolked terrestrial eggs with develop- 
ment characterized by varying degrees of loss 
of the typical larval organs and by complete 
loss of the aquatic tadpole stage in the life 
history. 

The genus Eleutherodactylus, a widespread 
genus of bufonids with many species in South 
and Central America and the West Indies, 
exemplifies direct development perhaps bet- 
ter than any other. The members of this 
genus are mostly of small size. In the day- 
time they take shelter under stones or logs 
or in other suitable ‘hiding places. Some 
species remain near streams and are active 
swimmers with webs on the hind feet, but 
most are entirely terrestrial and lack the 
webs. Some species make their homes in 
epiphytic bromeliads and a few are confined 
to caverns. All, however, even the water- 
loving forms, lay their eggs out of water. 
Usually the eggs are laid in a small hollowed- 
out “nest” beneath a stone or log and the 
female parent stays near the nest throughout 
the developmental period. The bromeliad 
species attach the eggs to the leaves of the 
plant in which the parent lives but always 
well above the water-line. 

The eggs of Eleutherodactylus are large 
(3.0-4.0 mm. in diameter), completely un- 
pigmented, and covered by several dense 
jelly layers. In some species the outer jelly 
is sticky so that the eggs adhere to each other 
in a rounded clump. In other species this 
is not so and the eggs lie separately in the 
nest. 

The embryonic development of E. nubicola 
of Jamaica has been studied in some detail 
(Lynn, 1942). Despite the large amount of 
stored yolk, cleavage is holoblastic, and the 
neural plate is typical in appearance. How- 
ever as the embryo develops it never has a 


tadpole-like appearance (Fig. 8). It lies 
on the large yolk mass with all four limbs 
visible as rounded buds. There is a stubby 
tail with exaggeratedly enlarged dorsal and 
ventral fins. No external gills are present at 
any time and indeed neither internal gills 
nor open gill slits ever appear. Further de- 
velopment shows increase in the size of the 
limbs and differentiation of the brain (Fig. 
9). However there are no typical tadpole 
mouth-parts, and the lateral line system is 
lacking. As the fore and hind limbs begin 
to develop joints and digits, a very small fold 
is seen about the base of each fore-limb (Fig. 
10). These folds may represent rudimentary 
opercular folds but they do not develop fur- 
ther. By this time pigment cells are visible 
in the skin of the embryo on each side of 
the mid-line. A little later the pigmentation 
becomes more intense and the broad tail is 
seen bent to one side. As the digits develop 
the hind limbs become covered by the tail 
(Fig. 11). The wide mouth and the pro- 
truding eyes are obvious frog-like features. A 
specialized structure which has appeared on 
the tip of the snout is the egg-tooth, a horny 
sharp-pointed projection which will be used 
in ripping the jelly coats of the egg during 
hatching. It may be homologous to part of 
the horny upper beak of a typical tadpole but 
if so is highly modified. The tail with its 
exaggeratedly developed, highly vascularized 
dorsal and ventral fins is essentially a thin 
membranous structure which, spread under 
the jelly coats, is presumed to act as the 
respiratory organ for the embryo during in- 
tra-oval development. Just before hatching, 
the egg-tooth, with its two sharp points, is 
quite prominent but the tail is by then some- 
what reduced in size. About eight hours after 
hatching the little frog is a miniature adult 
some 5 mm. long (Fig. 12). The tail has 
dwindled to a small unpigmented remnant 
that will soon be entirely resorbed. The egg- 
tooth is usually retained for several days be- 
fore it drops off. The intestine still contains 
some yolk material but the young frog will 
accept fruit flies and other small insects al- 
most at once. 

Although Eleutherodactylus represents the 
most striking case of direct development 
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among anurans it is important to reiterate 
that the phenomenon cannot be regarded as 
uncommon. Orton (1950) has pointed out 
that, while direct development is known in 
only two of the nine families of salamanders, 
it is found in at least ten of the thirteen 
families of frogs and toads. For many of the 
recorded cases no detailed study of the de- 
velopment has been made, but some which 
show points of correspondence with Eleu- 
therodactylus are the following. Liopelma 
hochstettert of New Zealand (Archey, 1922), 
and the South African forms Breviceps par- 
vus (de Villiers, 1929a), Hemisus marmora- 
tum (Wager, 1929), Anhydrophryne rattrayi 
(Warren, 1922), and Arthroleptella sp. (de 
Villiers, 1929b). 


GYMNOPHIONAN LIFE HISTORIES 


For the sake of completeness some mention 
should be made of the third order of living 
amphibians, the highly specialized limbless, 
burrowing animals that make up the Gym- 
nophiona or caecilians. Although these show 
many primitive features that indicate that 
their evolutionary history has been largely 
independent of that of salamanders and frogs, 
nevertheless we have within this small group 
{about 20 genera) examples of aquatic larvae 
(Ichthyophis), terrestrial development with- 
out any aquatic stage (Hypogeophis), and 
ovo-viviparity (Typhlonectes), with varying 
degrees of suppression of usual larval fea- 
tures. 


EVOLUTION OF DIRECT DEVELOPMENT 


The prevalence of terrestrial eggs and 
direct development in anurans prompts some 
consideration of the advantages which may 
be gained by this modification of the life his- 
tory. It has obviously proved to be of adap- 
tive value. for it is found in a number of 
highly successful groups with wide geographic 
distribution. The subject has been discussed 
in detail by Dr. Bertha Lutz (1948), who 
has had extensive experience with a great 
variety of Brazilian frogs that have modified 
life histories... She points out that the elimina- 
tion of the aquatic tadpole stage may offer 
advantages ‘in many ways. Competition of 
the tadpole with other aquatic animals and 
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dangers from aquatic predators are avoided 
The hazards resulting from the drying up 
of temporary pools or from the sudden flood- 
ing of mountain streams are alike eliminated. 
Prolonged parental care for the young up to 
a stage when they are fairly well able to take 
care of themselves is made possible. Perhaps 
most important of all is the fact that the 
need for a dual adaptation, first for life in 
water, later for life on land, with a critical 
metamorphic period in between, is done away 
with. The extensive remodelings of ordinary 
metamorphosis are thus avoided and such 
embryos are much like amniote embryos in 
recapitulating the larval stages in only a 
very sketchy and abbreviated fashion. 

The most important morphological change 
involved in the evolution of direct develop- 
ment is the formation of large-yolked eggs. 
Obviously the presence of an adequate food 
supply in the egg is a necessary condition 
to permit prolongation of intra-oval life. 
Large-yolked eggs are laid by all of the most 
primitive of living amphibians, the caecilians, 
and in fact Noble (1931) has pointed out 
that large eggs were probably characteristic 
of the earliest ancestral types. It is clear how- 
ever, that many of the present day am- 
phibians that lay large-yolked eggs have been 
more immediately derived from ancestors 
with small eggs. Thus the development of 
large eggs has occurred a number of different 
times and in different degrees among anu- 
rans. It is, of course, always accompanied 
by a great reduction in the number of eggs 
produced but apparently the small number 
of young is compensated for by the greater 
chances of survival when development is 
direct. 

Although the acquisition of large-yolked 
eggs permits prolongation of intra-oval life 
it is not necessarily accompanied by direct 
development. We have seen that some am- 
phibians with large eggs have typical aquatic 
larvae and that even some of those which 
omit the aquatic stage have, nevertheless, 
fairly typical larval features during their de- 
velopment. It is only in Eleutherodactylus 
and similar types that development may be 
said to be direct in the same sense that the 
development of the reptile or the bird is 
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direct. How may this loss of tadpole-like 
features be brought about? 

In considering the evolution of permanent 
larval forms in salamanders, we found evi- 
dence that in some animals (the Mexican 
axolotl) this has been brought about 
through a modification of the endocrine com- 
plex while in others, like Necturus, the evolu- 
tionary change involves a change in sensi- 
tivity to thyroid hormone by the larval tissues. 
For direct development we may suppose that 
these same mechanisms could be operative. 
Abbreviation or telescoping of the larval 
stages during intra-oval development could be 
thought of as a precocious and rapid meta- 
morphosis due to early and intense activation 
of the thyroid gland. On the other hand, it 
seems possible that the same result could be 
achieved by an unusually high sensitivity of 
the tissues such that a relatively low thyroid 
activity could be sufficient to evoke early and 
complete metamorphosis. And there is still a 
third possibility that should be considered. 
This is the possibility that the tissues are able 
to attain adult differentiations without any 
dependence upon thyroid stimulation; that 
the evolution of direct development has oc- 
curred by a freeing of the tissues from the 
thyroid influence. 

It would seem that experimental evidence 
on this point could be readily obtained. 
Thyroidectomy at early stages should show at 
once how far direct development can go in 
the absence of the thyroid. Unfortunately, 
the operation proves to be much more diffi- 
cult in these amphibians with direct develop- 
ment than it is in ordinary salamanders and 
frogs. I have made many attempts to thy- 
roidectomize or hypophysectomize embryos of 
Eleutherodactylus and have never succeeded 
in getting the operated animals to live more 
than a few days. However, there is an in- 
direct method of approaching the problem, 
through the use of thyroid-inhibiting drugs. 
Eleutherodactylus embryos treated continu- 
ously with .01% phenylthiourea show 
marked enlargement of the thyroid, which 
may be taken as evidence of effective inhibi- 
tion of thyroid hormone production (Lynn 
and Peadon, 1955). Such embryos, although 
their developmental rate is retarded, develop 
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normally except for three features. The tail, 
pronephros, and egg-tooth are all retained 
beyond stages when they would normally be 
lost. This would indicate that all progressive 
features that characterize direct development 
are independent of thyroid function and that 
only a few degenerative changes of late stages 
have any dependence on thyroid stimulus. 
Further experiments on this and other am- 
phibians with direct development are much 
to be desired, however. One cannot be 
certain that thyroid-inhibiting drugs are com- 
pletely effective and these conclusions must 
await confirmation by experiments involving 
complete thyroidectomy either by surgical 
means or by the use of radioiodine. 

However this may turn out, it is clear that 
the student of amphibian metamorphosis may 
often find himself led into all sorts of un- 
anticipated byways. Research concerning the 
endocrine control of metamorphosis in ordi- 
nary amphibians like Ambystoma and Rana 
has been actively pursued for a matter of 50 
years and, as we have seen, is still ad- 
vancing. But the amphibians have shown 
such versatility in their evolution of modified 
life histories that only the most general of 
generalizations can be applied to the group 
as a whole. Among the urodeles loss of the 
adult stage has occurred by neotenous ten- 
dencies that involve in some cases a modifica- 
tion of the endocrine complex, in others a 
change in tissue sensitivity. Among both 
urodeles and anurans we have examples of 
the evolution of large-yolked terrestrial eggs 
and the elimination of the aquatic stage. 
Obviously it is the anurans that show this 
trend most strikingly. There is evidence that, 
given increased yolk storage, more or less 
direct development may be achieved in some 
cases by precocious thyroid activity, but in 
others by differentiation of the tissues without 
dependence upon thyroid stimulus. Special 
problems involved in terrestrial development 
have been solved in various ways. Danger 
from excessive water loss is prevented by 
unusually thick and impervious jelly layers 
or by parental brooding habits or both. 
Oxygen absorption is provided for by en- 
larged external gills, excessive folding of the 
skin, or broad vascular tail-fins that spread 
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out under the egg membranes like the allan- 
tois of an amniote embryo. Elimination of 
waste products during intra-oval life must 
also present problems that as yet have not 
been studied in these animals. The ovo-vivi- 
parous forms have still other features that 
call for investigation. In some of them, 
though not in all, the expanded gills or tail 
become closely applied to the oviducal wall 
and constitute a type of pseudo-placenta. 
And it must be borne in mind that for most 
amphibians, particularly tropical forms, our 
knowledge of life histories is very scanty. 
It seems likely that with the increasing 
interest in the tropics and with the es- 
tablishment of new laboratories there, many 
more unusual life histories will be recorded. 
More important, we may expect that more 
facilities for research on these animals both 
in their native habitats and in our own 
laboratories will be developed. These un- 
usual types must not be regarded as mere 
curiosities or anomalies. They offer oppor- 


tunities for investigation that not only relate 
to the subject of endocrine control of meta- 
morphosis but also may give some insight into 
the evolution of amniote development. 


Cer- 
tainly when more of these forms become 
readily available for study there will be no 
dearth of problems to be tackled. 
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SPECIAL ASPECTS OF THE METAMORPHIC PROCESS: 
SECOND METAMORPHOSIS 
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The biological meaning of metamorphosis 
has generally been restricted to changes 
which occur within relatively short time 
periods during the normal development of 
the individual and which result in striking 
alteration of its form and structure, particu- 
larly as seen in insects and amphibians. 
Etkin (1956) refers to metamorphosis as “a 
definitely delineated period in post-embryonic 
development during which marked develop- 
mental changes in non-reproductive struc- 
tures occur,” while Gorbman (1959) inter- 
prets the process as “rapid differentiation of 
adult characters after a relatively prolonged 
period of slow or arrested differentiation in a 
larva.” Metamorphosis is only part of a con- 
tinuous process of development; its actual 
stages are often difficult to define precisely 
because of variation between different or- 
ganisms and the presence of intergrades in 
the transitional states of pre- or post-meta- 
morphosis. In addition, the term has often 
been used in a more general sense to denote 
any changes or transformations such as those 
which may occur in tissues (e.g., fatty and 
ovulational metamorphosis, etc.). Recently 
the term has been used to describe factors 
which parallel morphological changes during 
metamorphosis at the molecular, physiologi- 
cal, and ecological levels. 

It is clear that metamorphosis has a num- 
ber of different meanings which are applied 
to a wide variety of diverse processes. Al- 
though insect and amphibian metamorphosis 
may offer roughly the same selective advan- 
tages in an evolutionary sense, no one would 
argue that metamorphic events in these forms 
are either homologous or directly analogous 
to each other. Ruling out changes induced 
by pathological conditions or environment, it 
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may be reasonable to include within the term 
metamorphosis any major change which 
occurs during the post-embryonic life history 
of an organism resulting in its physiological 
and/or structural adaptation to a new eco- 
logical situation. In this sense it is sometimes 
difficult to recognize an actual state of meta- 
morphosis, because functional metamorphosis 
may be unaccompanied by more obvious 
structural change. However, any regular 
change in the environment of an organism 
during its normal life history would be sug- 
gestive of metamorphic activity, even in the 
absence of morphological alteration. In re- 
cent years the interpretation of metamorpho- 
sis has been broadened to include certain 
functional and anatomical changes previously 
not associated with the term. 


SECOND METAMORPHOSIS 


Following initial metamorphosis from larva 
to adult, some animals undergo yet another 
major change during post-embryonic life 
which Wald (1958) has termed a second 
metamorphosis. One of the best examples of 
second metamorphosis is seen in the eastern 
spotted newt Diemictylus (Triturus) viri- 
descens, whose life cycle has been thoroughly 
described by Noble (1926, 1929), Bishop 
(1943), and others. The larval form is 
aquatic with external gills, a smooth skin, 
green pigmentation, and a laterally com- 
pressed tail. During initial or primary meta- 
morphosis it transforms into a bright orange, 
terrestrial creature called an eft which has a 
granular, cornified skin and inhabits wood- 
land areas. After a period of growth which 
lasts from two to three years, a second meta- 
morphosis ensues during which the eft is 
transformed into the permanently aquatic 
adult. Although the external gills are not 
reconstituted, the adult assumes many of the 
larval characteristics such as green, shiny skin 
and a keeled tail (Fig. 1). 

Wald (1958, 1960) argues that secondary 
metamorphosis is characteristic of most 
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FIG. 1 Terrestrial and aquatic phases of Diemicty- 
lus viridescens. (Al) Red eft, first year following 
primary metamorphosis; (A2) Red eft, second 
year; (B) Adult, non-breeding male. (X1, X2) 
Prolactin treated efts which have been induced to 
undergo second metamorphosis; dorsal and lateral 
views. 


animals. Life cycles are circular; any animal 


leaving its natal environment must return 
to that environment in order to reproduce. 
Thus an organism, such as Diemictylus, 
which undergoes radical change at the time 


it leaves its natal environment, must reverse 
this process in order to spawn. Wald says 
that “every metamorphosis invites a second 
metamorphosis.” 

In order to interpret such a statement, it is 
first necessary to determine which animals 
undergo metamorphosis and then to see to 
what degree, if any, this process is reversed 
during their life history. Wald is convinced 
that metamorphosis is a phenomenon com- 
mon to all vertebrates. Existing either in an 
aquatic environment or encased in fluid-filled 
membranes which offer the ecological equiva- 
lent, the embryos of land vertebrates undergo 
primary metamorphosis from the gill-slit or 
pharyngula stage until the termination of 
fetal development. Although changes may 
be more or less radical and the times of de- 
velopment varied, it may be meaningful to in- 
terpret similarities in vertebrate develop- 
mental patterns as representative of a com- 
mon metamorphic process rather than in 
terms of the discredited theory of morpho- 
logical recapitulation. Wald (1960) illus- 
trates the complexity of the vertebrate meta- 
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morphic process by emphasizing the biophysi- 
cal and biochemical changes which must 
necessarily accompany structural metamor- 
phosis. 

If metamorphosis is a common vertebrate 
characteristic, it follows that a second meta- 
morphosis may be present. This is clearly 
seen in the annual migration of many am- 
phibians to aquatic breeding areas, but is not 
so well defined in the case of reptiles, birds, 
and mammals. Wald, however, suggests that 
puberty and related phenomena may be re- 
garded as examples of second metamorphosis 
in which only highly specialized cells, the 
spermatozoa, ever fully complete the process 
of return to the natal environment. 

Although it might be argued that the iden- 
tification of spermatogenesis with second 
metamorphosis is too broad an interpretation, 
it is certain that the concept of second meta- 
morphosis is a useful and meaningful one, 
especially when applied to forms such as 
Diemictylus where the events of transforma- 
tion are pronounced. 

Second metamorphosis in cyclostomes and 
fish — Wald (1957) has described second 
metamorphosis in the sea lamprey, Petro- 
myzon marinus. The small, blind ammocoete 
larvae lie buried in the bed of fresh-water 
streams. Here they undergo primary meta- 
morphosis which, among other things, in- 
volves the emergence of the eyes; the elabora- 
tion of thyroid-like follicles in the area previ- 
ously occupied by a mucus-secreting organ, 
the endostyle; and the formation of the 
spherical, rasping mouth of the adult. The 
animals migrate to large lakes or to the sea, 
where, following a period of growth which 
may last up to four years, a second metamor- 
phosis takes place. The animals now return 
upstream to their natal environment. At this 
time secondary sexual characteristics are de- 
veloped and in some areas the adults become 
highly pigmented. 

Two kinds of visual pigments are found in 
the retinal tissue of vertebrates. Rhodopsin, 
the pigment of terrestrial vertebrates and 
marine fish, is a complex of the protein opsin 
with the aldehyde of vitamin A. Porphy- 
ropsin, which has the same protein in com- 
bination with the aidehyde of vitamin A2, is 
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characteristic of fresh-water vertebrates. 
Wald (1941, 1942) showed that the retina of 
P. marinus contained primarily vitamin A2. 
However, Crescitelli (1955) obtained rho- 
dopsin from the retinas of the same species. 
This apparent conflict is resolved by the fact 
that Crescitelli had analyzed the retinal pig- 
ments of animals migrating towards the ocean 
following primary metamorphosis, while 
Wald’s animals were mature adults under- 
taking upstream migration towards their 
natal habitat. Biochemical metamorphosis 
prepares the visual system of the lamprey first 
for life as a marine creature and finally, dur- 
ing second metamorphosis, for life in a fresh- 
water environment, when its rhodopsin is re- 
placed by porphyropsin. Wald (1957) inter- 
prets the fact that the lamprey belongs to the 
most ancient group of vertebrates and that 
in the natal environment its retina contains 
porphyropsin as evidence of porphyropsin’s 
having been the ancestral visual pigment of 
vertebrates. 

The catandromous eel Anguilla provides 
another striking example of secondary meta- 
morphosis (Fig. 2). Following hatching in 
the Sargasso Sea, the small, leptocephalus 


larvae migrate to the coasts of Europe and 


America. Here they undergo primary meta- 
morphosis and the young eels migrate into 
fresh water for the growth phase of their life 
cycle. According to Vladykov (1955), the 
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FIG. 2 The metamorphic cycle in the eel Anguilla 
showing particularly the enlargement of the eye 
following second metamorphosis. (Adapted and re- 
drawn from Vladykov, 1955.) 
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European eel may remain in fresh water 
from twelve to nineteen years before return- 
ing to the sea to spawn. Before its seaward 
migration the eel passes through a second 
metamorphosis; the pigment changes and the 
eye approximately doubles in diameter. In 
the American eel, although the color changes, 
the eyes remain small during migration, and 
it is assumed that their enlargement occurs 
after the animals have entered the marine 
habitat. Wald (1958) reports a biochemical 
event associated with second metamorphosis 
in the European eel involving the loss of 
vitamin A2, followed by the production of a 
new visual system containing “deep-sea” rho- 
dopsin. This process is essentially the reverse 
of that occurring in the lamprey whose 
spawning grounds are located in fresh water 
rather than the sea. 

Second metamorphosis in amphibia— 
Studies of second metamorphosis in amphibia 
have largely been confined to the newt 
Diemictylus viridescens whose life cycle has 
been described above. Adams (1932) in- 
duced adult skin texture and pigmentation in 
red efts treated with an anterior pituitary 
preparation. In Diemictylus the larvae 
possess well-developed lateral line organs 
which become non-functional and are over- 
grown with epidermal cells in the eft phase. 
Following second metamorphosis to the 
aquatic adult, the lateral line organs once 
again become functional. According to 
Dawson (1936), the maintenance and recon- 
stitution of these organs in the adult is under 
the control of a pituitary-thyroid mechanism. 
Thus the endocrine system was early impli- 
cated in the process of second metamorphosis. 

The first experiments dealing with actual 
habitat change in Diemictylus from a terres- 
trial to an aquatic environment were reported 
by Reinke and Chadwick (1939, 1941) who 
induced water migration in efts with injec- 
tions of either whole adult pituitaries or an- 
terior lobes. Treated animals assumed the 
skin texture and pigmentation of adults, and 
in some cases keeling of the tail was pro- 
nounced. They were also able to obtain 
migration in treated efts following extirpation 
of both the thyroids and the gonads. Chad- 
wick (1940, 1941, 1948) showed that water 
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migration and associated morphological 
change could be induced by administration of 
the mammalian lactogenic hormone, prolac- 
tin. Amphibian (Bufo), reptile (Natrix), 
and chicken pituitary preparations also 
stimulated water migration, suggesting the 
presence of a prolactin-like substance in these 
forms. However, this identification of pro- 
lactin with the water-drive factor was thrown 
into doubt by the investigations of Dr. 
Richard W. Payne (unpublished data) who 
produced water-drive in red efts with injec- 
tions of a wide number of pituitary prepara- 
tions, some of which showed negative pro- 
lactin activity by standard assay techniques. 
The problem at this point was twofold: (1) 
to make positive identification of a water- 
drive factor or factors and (2) to determine 
which of the various phenomena accompany- 
ing migration (development of lateral line 
organs, pigment changes, etc.) were directly 
stimulated by water-drive principles and 
which were results of the endogenous release 
of other endocrine substances from the pitui- 
tary. Further work in this area obviously 
necessitated the removal of the pituitary in 
test animals. 

The results of a series of tests by Grant 
and Grant (1956, 1958) on hypophysectom- 
ized efts confirmed Chadwick’s indentifica- 
tion of prolactin as the active water-drive 
principle. Injections of a variety of sub- 
stances such as LH, TSH, Growth (Wil- 
helmi), ACTH-free intermedin (Li), etc., 
failed to produce water migration. Although 
the administration of 8 mg doses of FSH did 
elicit water drive in hypophysectomized 
animals, doses of 0.8 mg or smaller were in- 
effective. The most interesting and signifi- 
cant results were obtained in animals treated 
with prolactin alone. All animals thus treated 
migrated to water several days following in- 
jection of the hormone but failed to acquire 
the associated adult characteristics. This in- 
dicates that prolactin is not directly involved 
in the elicitation of all phases of second meta- 
morphosis, although there is some indication 
that the changes in skin texture from that of 
the eft to the adult condition may be in- 
duced by prolactin. The positive reaction 
obtained with the higher doses of FSH is 
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FIG. 3 Response of hypophysectomized red efts 
to various dose levels of highly purified prolactin 
(Li). The point at which 50% of test animals 
can be expected to respond by migrating to water 
has been estimated at 0.049 I.U. (1.4 ug) of 
prolactin. 


understandable, as the contamination of this 
preparation with prolactin (0.5 I.U. per mg) 
was quite sufficient to produce water migra- 
tion in efts. 

These experiments have led to the develop- 
ment of a minimum-dose assay method for 
prolactin, using the red eft as test organism. 
Fig. 3 shows the results of investigations by 
Grant (1958, 1959) using hypophysectomized 
efts and a highly purified prolactin (C.H.Li). 
Few animals gave a positive response at dose 
levels of 0.035 I.U. of prolactin, while above 
0.10 I.U. all efts migrated to water. The 
minimum dose necessary to produce positive 
response in fifty per cent of the animals 
tested was estimated at 0.049 I.U. This 
technique has recently been applied by Grant 
and Pickford (1959), who demonstrated the 
presence of a prolactin-like substance in the 
pituitaries of teleostean fishes (Fig. 4). Pi- 
tuitary extracts from killifish (Fundulus 
heteroclitus) in the pre- and post-spawning 
condition and from carp (Cyprinus carpio), 
mostly late spawning, produced water migra- 
tion in efts. Other preparations gave either 
a weak response or none. Some seasonal 
depletion of prolactin with teleost reproduc- 
tive cycles may be implied. Preliminary tests 
by Waterman and Grant (unpublished data) 
using the red eft indicate that there is a 
water-drive principle present in the rostral 
lobe of the dogfish (Squalus acanthius) pi- 
tuitary. 
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FIG. 4 Presence of prolactin-like activity in the 
pituitaries of teleost fish as shown by the red eft 
test. Numbers at the bottom refer to the number 
of test animals used in each series, while those at 
the top of the columns show the number of efts 
which actually migrated to water. Time to water 
following injections showed little variation. (Pre- 
pared from data of Grant and Pickford, 1959.) 


A number of physiological changes associ- 
ated with second metamorphosis have been 
described in Diemictylus. Wald (1946, 1952) 
showed that, although both rhodopsin and 
porphyropsin are present in the retina of the 
eft, rhodopsin predominates. During second 
metamorphosis the visual system of the adult 
reverts to the characteristic porphyropsin of 
fresh water vertebrates (Fig. 5). Although 
the larval eye has not been examined in this 
form, presumably it also contains porphyrop- 
sin, as do the retinas of frog tadpoles. 

During primary metamorphosis, nitrogen 
excretion in amphibia changes from the am- 
monotelic larval system to the ureotelic sys- 
tem of the adult. Determinations of the per- 
centage of nitrogen excreted as ammonia and 
urea during the life cycle of Diemictylus have 
been reported by Fankhauser and Nash 
(1959). They find that the percentage of 
nitrogen excreted as ammonia falls from 
75% in the larva to 13% in the red eft, and 
then at the time of second metamorphosis 
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shows a trend towards the larval condition 
with a rise to 26%. 

The results obtained by Reinke and Chad- 
wick (1941) in thyroidectomized efts follow- 
ing treatment with pituitary preparations and 
prolactin indicate that the migratory phase 
of second metamorphosis is independent of 
thyroid activity. However, there is evidence 
that the thyroid is at least peripherally in- 
volved. Adams and Grierson (1932) showed 
that a pituitary-thyroid relationship is neces- 
sary for proper molting in Diemictylus. Al- 
though hypophysectomized animals will mi- 
grate to water following prolactin treatment, 
the animals become siuggish, and it is only 
when normal molting occurs that they re- 
main in a healthy state. Recently Waterman 
and Grant (1960, and in press) have shown 
that changes in thyroid activity parallel other 
events during second metamorphosis. Follow- 
ing injections of I"*', red efts showed a thy- 
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FIG. 5 Biochemical change in the visual system 
of Diemictylus accompanying second metamorpho- 
sis. Eft retinas show maximum absorption at 615- 
620 my characteristic of vitamin A while those of 
adults have absorption peaks in the 690-696 my 
range of vitamin Az. (Reprinted from Wald, 
1952.) 
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FIG. 6 Thyroid uptake of I’*’ during phases of 
the life cycle of Diemictylus following 1 mc tracer 
doses of radioiodide. Normal efts showed con- 
sistently higher values than adults. Following 
prolactin-induced second metamorphosis __ efts 


roid uptake of 15.8% of the injected dose at 
48 hours with plateauing at about 120 hours 
(Fig. 6). In aquatic adults the uptake values 
were low with a peak of 2.7% at 72 hours. 
The thyroid activity of efts induced to un- 
dergo second metamorphosis with prolactin 
showed a significant shift towards adult con- 
dition, with an uptake of 6.9% at 48 hours. 
It is clear that the process of second meta- 
morphosis as described above is a complex of 
endocrine activity and related physiological 
response. In Diemictylus the process can 
conveniently be divided into two distinct 
phases. These phases and some interpreta- 
tions of the metamorphic processes associated 
with them are outlined below and in Fig. 7. 


IN HOURS 


showed a definite trend toward adult values, The 
number of test animals used in the determination 
of each point is indicated on the graph. (Prepared 
from data of Grant and Waterman, 1960.) 


Phase I. Migratory. 

Migration of efts to water and alteration of 
skin texture: induced by prolactin or a pro- 
lactin-like substance of anterior pituitary 
origin. 

Phase II. Adaption to aquatic habitat. 

1) Alteration of the pituitary (TSH) -thy- 
roid mechanism resulting in a reduction of 
thyroid activity. The normal molting process 
which facilitates, but is not directly associated 
with, migration is apparently not affected by 
this lowered activity. However, the recent 
work of Jorgensen and Larsen (1960a, 
1960b) indicates that molting in amphibians 
is a complex process which is influenced by 
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principles from the adrenal cortex and the 
neurohypophysis. Functional restoration of 
the lateral-line in Diemictylus may be con- 
trolled by the pituitary-thyroid axis. 


2) Changes in pigmentation: unknown 
principle or principles involved. Preliminary 
investigations indicate that pigment changes 
are not effected by melanophore-stimulating 
hormone (MSH) alone, but may be con- 
trolled by an MSH-prolactin system similar 
to the one reported in Fundulus by Pickford 
and Kosto (1957). 


3) Morphological changes including the de- 
velopment of the keeled, swimming tail: 
known principle or principles. 


un- 


4) Biochemical changes in the visual pig- 
ments and the process of nitrogen excretion: 
unknown principles involved. Profound 
changes in the water balance mechanism 
must also accompany the shift from a terres- 
trial to an aquatic habitat. Such change 
probably involves hormones of neurosecretory 
origin such as arginine vasotocin, the anti- 
diuretic principle of birds, reptiles, and am- 
phibians. The activity of arginine vasotocin 
has been reviewed by Sawyer et al. (1960). 
Although the time sequence of the various 
aspects of second metamorphosis in Diemicty- 
lus is not clear, it is tempting to suggest 
that prolactin initiates the entire process by 
triggering the release of other endocrine sub- 
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FIG. 7 Diagram showing the possible relationship 
of factors controlling the water drive syndrome in 
Diemictylus at the time of second metamorphosis. 
NL, neural lobe ; AH, adenohypophysis. 
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stances during the migratory phase, and 
these induce subsequent changes associated 
with the adaptive phase. 

One of the most interesting problems of 
second metamorphosis in Diemictylus centers 
around its relationship to the water migration 
of terrestrial amphibians during the breeding 
season. Although in these forms reproduc- 
tive activity is closely associated in time with 
migration and the temporary acquisition of 
aquatic habits, it is possible that the two 
events are under the control of separate but 
complementary systems. The positive migra- 
tory activity of gonadectomized efts and the 
failure of the gonads to respond following 
treatment with prolactin lends support to 
this assumption. However, the work of Tuch- 
mann-Duplessis (1949) on the terrestrial 
adults of the European newts, Triton cristatus 
and T. alpestris, indicates a somewhat closer 
relationship between water drive and sexual 
maturation. Administration of prolactin to 
males resulted in migration to water, de- 
velopment of secondary sexual characteristics, 
and the activation of the gonads and prostate. 
Prolactin given to castrated males produced 
only water drive and pigmentary responses. 
It seems reasonable to conclude that the mi- 
gration of terrestrial amphibians at the time 
of breeding represents a condensed and tran- 
sitory form of the second metamorphic 
process, although the degree to which the 
reproductive system per se is involved is not 
clear. 


CONCLUSION 


The investigations reported above indicate 
that the morphological, biochemical, and eco- 
logical changes associated with second meta- 
morphosis may be as profound as those ac- 
companying primary metamorphosis. En- 
docrine functions are controlled by elaborate 
feed-back systems; their effects are often 
modified by synergic reaction with other hor- 
mone substances, the physiological state of 
the organism, and by environmental factors. 
When they are involved, as in the case of 
second metamorphosis, with the transition of 
an organism to a radically different habitat, 
they may be complex indeed. Such phe- 
nomena not only furnish good material for 
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use in the classroom but also provide a field 
rich in research possibilities. For example, 
when second metamorphosis is telescoped into 
a period of a few days by treating efts of 
Diemictylus with prolactin, an important ex- 
perimental tool is made available for physio- 
logical and ecological investigations. 

So many problems in second metamorpho- 
sis remain to be investigated that only a few 
can be mentioned here. For instance, it would 
be most interesting to know (1) the relation- 
ship betweeen second metamorphosis and re- 
productive maturation during the breeding 
migrations of cyclostomes, fish and amphi- 
bians; (2) if prolactin is as involved in sec- 
ond metamorphic phenomena as thyroxin is 
with primary metamorphosis in amphibians; 
and (3) to what extent the structure and 
specificity of the target organs affected by 
second metamorphosis has changed during 
the course of vertebrate evolution. The re- 
ciprocal relation between the nervous systems 
and the endocrines presents another im- 
portant area for future study. As Hoar 


states (in Gorbman, 1959), “Migration is 
basically a behavior problem which in many 
cases can only be understood against a back- 
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ground of endocrinology.” The experiments 
of Twitty (1959), which have demonstrated 
the remarkable ability of displaced newts to 
locate their original home area, suggest the 
possible significance of behavioral studies con- 
ducted at the time of second metamorphosis. 

Although the process is subject to various 
interpretations, it appears that second meta- 
morphosis is an important phase in the life 
cycle of many animals. In these forms the 
endocrine system controls physiological and 
morphological changes which prepare the or- 
ganism for a return to its natal environment 
(or its equivalent) in order to spawn. This 
may be quite pronounced, as in the case of 
Diemictylus where the permanent reconstitu- 
tion of many larval characteristics is essen- 
tially the reversal of the primary metamor- 
phic process, or it may be more subtle and 
transitory. If sexual maturation can be con- 
sidered an integral part of the general phe- 
nomenon, as Wald suggests, then second 
metamorphosis may be considered a charac- 
teristic feature of all vertebrates. 
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